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Chenguang Bai, Zongwei Han
∗
, Haotian Wei, Xiaomei Ju, Xinwei Meng, Qi Fu

SEP Key Laboratory of Eco-Industry, School of Metallurgy, Northeastern University, Shenyang 110819, China

a r t i c l e i n f o

Keywords:

Heat pump

Performance

Simulation

Alternative refrigerants

a b s t r a c t

To solve the problems of single heat source heat pump systems in severe cold regions, a dual-source hybrid

heat pump unit (DSHHPU) is proposed. The mathematical models of the DSHHPU when charging R134a or its

alternative refrigerants R32, R290 and R600a were established respectively, and the performance was simulated

and analysed. The results showed that the four refrigerants have different performance characteristics in different

aspects. In heat pipe mode, the heating capacity and evaporating pressure of R32 are 36.94% and 59.94% higher

than those of R134a. The heating capacity and evaporating pressure of R290 are 5.73% and 22.99% lower than

those of R134a. The heating capacity and evaporating pressure of R600a are 43.29% and 68.08% lower than those

of R134a. In vapour compression heating mode, the discharge temperature of R32, R290 and R600a are 184.88,

72.98 and 66.44% of that of R134a. The coefficient of performance (COP) of R32, R290 and R600a are 72.65,

111.59 and 117.94% of that of R134a. Finally, the effects of radiation intensity and ambient temperature on key

performance parameters of the different refrigerants were analysed. The research results provide a reference for

research on refrigerant replacements for multi-heat source composite heat pump systems.

1. Introduction

In recent years, with the aggravation of air pollution, the problems of

the low heating efficiency and serious pollution from traditional coal-

fired boilers have attracted more and more attention. As an efficient

and non-direct pollution heating technology, heat pumps are the pre-

ferred alternative to coal-fired boilers for building heating. Common

heat pump systems mainly include air source heat pumps, solar heat

pumps and ground source heat pumps. In low temperature environ-

ments, the performance of air source heat pumps is often affected by

problems such as large compression ratios, low heat production and

frosting [1,2]. The low heat flux density and instability of solar mean

that solar heat pumps have a large collector area and high initial in-

vestment, which limits their development [3,4]. In the cold regions, the

soil thermal imbalance caused by the imbalance between the building’s

cooling and heating loads affects the long-term performance of ground

source heat pump systems [5–7].

To improve the performance of air source heat pumps operating

in low temperature environments, two-stage compression heat pump

systems were proposed and studied. Ko et al. [8] experimentally stud-

ied a two-stage compression heat pump system. The results showed

that the coefficient of performance (COP) of the system is 36% higher

than that of single-stage compression heat pump systems. In order to

∗
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further improve the performance of the two-stage compression heat

pump systems, Xu and Ma [9] studied the optimal volume ratio of the

high-and low-pressure cylinders of a heat pump system, which signifi-

cantly improved the performance of the system. To reduce the impact

of frosting on the performance of heat pumps, the commonly used de-

frosting methods include reverse cycle defrosting and hot gas bypass

defrosting. Qu et al. [10] and Song et al. [11] experimentally studied

the performance of air source heat pump systems using reverse cycle

defrosting. Ji et al. [12] studied the effect of hot gas bypass defrost-

ing on heat pump systems. To improve the performance of solar heat

pumps and ground source heat pumps operating in cold regions, differ-

ent forms of composite heat source heat pump systems including solar

composite air source heat pump systems and solar composite ground

source heat pump systems have been proposed. Lerch et al. [13] stud-

ied the performance of different types of solar composite air source heat

pump systems, and found that the composite heat pump system provides

a significant energy saving compared with the air source heat pump sys-

tems. Li et al. [14,15] simulated the effects of different parameters on the

performance of solar-assisted air source heat pump systems. The results

showed that the circulation flow rate, solar collector area and initial

water temperature have a greater impact on system performance. Rad

et al. [16] and Verma and Murugesan [17] studied solar-assisted ground

source heat pump systems. The results showed that solar collectors are

used to absorb solar energy to replenish the soil, which can effectively

reduce the length of the ground heat exchanger and improve the system

COP. Dai et al. [18] and Si et al. [19] studied the effects of operat-

ing modes and control strategies on the performance of solar-assisted
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Nomenclature

A area (m
2
)

A’ total radiation heat transfer area (m
2
)

C dimensionless constant

Gr refrigerant mass flow density [kg/(m
2•s)]

H fin height (m)

I radiation intensity [W/m
2
]

L pipe length (m)

L1 distance between the tubes (m)

M occlusion factor

Mr’ single-phase refrigerant charge amount (kg)

Mr” two-phase refrigerant charge amount (kg)

N number of fins

P pressure (Pa)

Q heat exchange amount (W)

Vth theoretical gas transmission volume of the compressor

(m
3
/h)

W power (W)

d diameter (m)

f resistance coefficient

g gravity acceleration (m/s
2
)

h enthalpy (J/kg)

h’
isentropic compression enthalpy (J/kg)

m mass flow rate (kg/s)

n1 number of tube passes in the heat exchanger

t temperature (°C)

x dryness

∆H height difference between the condenser and the evap-

orator (m)

Δx length of the micro-segment (m)

Greece letter

𝛼 heat transfer coefficient [W/(m
2

°C)]; void fraction

𝜂 radiation heat transfer efficiency

𝜂v volumetric efficiency

𝜂s isentropic efficiency

𝛿 fin thickness, m

v specific volume (m
3
/kg)

𝜌 density (kg/m
3
)

Subscripts

a air

c condenser

com compressor

con water-cooled condenser

dis compressor discharge

e evaporator

eva collector/evaporator

g gas

h high-pressure

i inner; inlet

int intercooler

l low-pressure; liquid; intercooler

m mean value

o outside; outlet

og saturated gas

ol saturated liquid

r refrigeran

s radiation heat transfer

suc suction

sup supplement gas

val throttle valve

w water; wall

ground source heat pump systems. Due to the low heat flux density of

solar, the use of solar energy in cold regions to solve the problem of

soil thermal imbalance caused by ground source heat pumps will lead

to an excessive collector area, which increases the system volume and

initial investment, and reduces the superiority of the system. To achieve

complementary use of solar, air and geothermal energy, we proposed a

multi-source hybrid heat pump system in which the refrigerant absorbs

both air and solar energy in the collector/evaporator. This avoids the

problems of increased initial investment and excessive system volume

caused by the separate solar collectors. The simulation study found that

the system effectively improved the performance of heat pumps oper-

ating in cold areas on the basis of maintaining the soil heat balance

[20]. In this system, a dual-source hybrid heat pump unit (DSHHPU) is

a core device. The DSHHPU operates the heat pipe mode during the non-

heating period to obtain low-temperature heat for soil heat storage, and

the vapour compression heating mode for heating during the heating pe-

riod. In order to further study the influence of different parameters on

the performance of the unit, R134a was used as the refrigerant, and the

performance of the DSHHPU under typical meteorological conditions

was studied experimentally. The results showed that the performance

of the DSHHPU is better than that of conventional air source heat pump

units [21].

In recent years, governments have gradually begun to restrict and

prohibit the use of refrigerants with high global warming potential

(GWP) such as R134a. Therefore, new environmentally friendly refrig-

erants with low GWP values are receiving more and more attention.

Among them, R32, R290 and R600a are three alternative refrigerants

which are widely used at present. In order to study the cycle perfor-

mance of alternative refrigerants in heat pumps, Cho et al. [22] com-

pared the heating and cooling performance of a heat pump system with

R32 or R410a. Cheng et al. [23] replaced R22 and R410A with R32 and

R290 as heat pump refrigerants respectively, and studied their cycle per-

formance. Nawaz et al. [24] and Bengtsson and Eikevik [25] evaluated

the cycle performance of R290, R600a and R134a in heat pumps.

DSHHPU system is an innovative composite heat source heat pump

system. Compared with conventional composite heat source heat pump

system, DSHHPU system has the advantages of less initial investment,

high energy efficiency and high system performance. However, the pre-

vious research on the performance of the system was based on the use

of R134a refrigerant with high greenhouse effect coefficient (GWP),

and the lack of research on alternative environment-friendly refrigerant.

Therefore, this paper takes the DSHHPU as the research object. By es-

tablishing mathematical models, the performance of the DSHHPU with

R134a, R32, R290 or R600a is simulated, which provides a reference for

determining the alternative refrigerants suitable for multi-heat source

composite heat pumps.

2. DSHHPU operation control principle

The DSHHPU is mainly composed of a collector/evaporator, water-

cooled condenser, throttle valve, intercooler, high-pressure compressor,

low-pressure compressor and other components, as shown in Fig. 1. Un-

like conventional air-cooled evaporators, the outer surface of the col-

lector/evaporator is sprayed with a solar-selective absorbing coating,

which enables the collector/evaporator to absorb both air and solar en-

ergy simultaneously. By switching the valves, the unit can be operated

in either heat pipe mode or vapour compression heating mode.

During the non-heating period, when the outdoor temperature is

high or the solar radiation is strong, the valves v1 and v2 are opened, v3,

v4, and v5 are closed, and the unit is operated in the heat pipe mode, as

shown in Fig. 1(a). The refrigerant absorbs air energy and solar energy

2
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Fig. 1. Schematic diagram of the DSHHPU.

in the heat collector/evaporator, and then continuously evaporates into

a gaseous refrigerant, making the evaporation pressure higher than the

condensation pressure. Driven by the differential pressure, the gaseous

refrigerant flows upward into the condenser, then be cooled by water

and condensed into liquid refrigerant. Under the action of gravity, the

liquid refrigerant flows downward into the heat collector/evaporator to

form the refrigerant circulation in the heat pipe loop. During the heat-

ing period, the unit runs the vapour compression heating mode. At this

time, v3, v4, and v5 are opened, and v1 and v2 are closed, as shown in

Fig. 1(b). The refrigerant absorbs heat in the collector/evaporator and

evaporates. After two stages of compression, it enters the condenser. A

part of the condensed high-pressure liquid refrigerant directly enters the

intercooler, and the other part is throttled to the intermediate pressure

by the throttle valve 1 and then enters the intercooler. The gaseous re-

frigerant which is flashed due to throttling is separated from the liquid

refrigerant, mixed with the gaseous refrigerant discharged from the low-

pressure compressor, and then enters the high-pressure compressor for

secondary compression. The saturated liquid refrigerant is further throt-

tled by the throttle valve 2 and then enters the collector/evaporator.

3. DSHHPU mathematical model

In order to simulate the performance of the DSHHPU under different

conditions, the main components of the unit are first established, includ-

ing the collector/evaporator, water-cooled condenser, compressor and

intercooler. On this basis, the unit model was established and verified.

3.1. Collector/evaporator model

The collector/evaporator is a finned coil heat exchanger, and the

outer surfaces of the heat exchange tubes and fins are coated with a solar

radiation absorbing coating. In the vapour compression heating mode,

the collector/evaporator is divided into a two-phase zone and a super-

heated zone according to the state of the refrigerant. In the heat pipe

mode, it can be divided into a supercooled zone, a two-phase zone and

a superheated zone, and the heat exchange model is shown in Fig. 2(a).

Firstly, the following assumptions are made: (1) refrigerant flow is

one-dimensional and uniform; (2) air flow is one-dimensional and uni-

form; (3) heat loss from the heat exchanger can be ignored; (4) the axial

heat conduction and friction heat of the refrigerant and the thermal

resistance of the tube wall can be ignored. On this basis, a parameter

distribution model of the collector/evaporator is established, where a

micro-segment of the collector/evaporator is as shown in Fig. 2(b).

(1) Refrigerant side heat transfer equations

d𝑄r,e = 𝑚r,e
(
ℎro,e − ℎri,e

)
= 𝛼r,ed𝐴i

(
𝑡w,e − 𝑡rm,e

)
(1)

Fig. 2. Schematic diagram of collector/evaporator model.

3
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Fig. 3. Schematic diagram of water-cooled condenser model.

In the single-phase zone and the two-phase zone, the refrigerant-side

heat transfer coefficients are calculated by the heat transfer correlations

of Dittus and Boelter [26] and Shah [27], respectively.

(2) Air side heat transfer equations

d𝑄a = 𝑚a
(
ℎai − ℎ𝑎𝑜

)
+ d𝐴′o𝜂𝐼 = 𝛼𝑜d𝐴o

(
𝑡am − 𝑡w,e

)
(2)

Where 𝛼o= 𝛼a+ 𝛼s, 𝛼a is the air convection heat transfer coefficient,

W/m
2

°C, which is calculated by the correlation in the literature [28];

𝛼s is the equivalent convective heat transfer coefficient of radiation heat

transfer, W/m
2

°C.

𝛼s = 𝐴′o𝜂𝐼∕
[
𝐴o

(
𝑡am − 𝑡w,e

)]
(3)

𝐴
′
𝑜
= 𝑛1

(
𝐻𝐿1 − 𝜋𝑑2𝑜∕8

)
[𝑀(𝑁 − 1) + 1] + 𝜋𝑑o𝑛1(𝐿 −𝑁𝛿)∕2

+𝜋2𝑑o
(
𝑛1 − 1

)
𝐿1∕4 (4)

(3) Refrigerant pressure drop

Δ𝑃 = 4d𝐿𝐺2r 𝑓
(
𝜌i𝑑i

)−1 + 𝐺2r
(
𝜌
−1
o − 𝜌−1i

)
(5)

𝑓 =
⎧
⎪
⎨
⎪
⎩

64Re−1 Re < 2320
0.3164Re−0.25 2320 ≤ Re ≤ 8 × 104

0.0054 + 0.3964Re−0.3 Re > 8 × 104
(6)

3.2. Water-cooled condenser mathematical model

The condenser is a sleeve type heat exchanger, and is divided into a

superheated zone, a two-phase zone and a supercooled zone according

to the state of the refrigerant, as shown in Fig. 3(a).

Firstly, the following assumptions are made: (1) refrigerant flow is

one-dimensional and uniform; (2) water flow is one-dimensional and

uniform; (3) the axial heat conduction and friction heat of the refrigerant

and the thermal resistance of the tube wall can be ignored. On this basis,

a parameter distribution model of the water-cooled condenser is estab-

lished, where a micro-segment of the condenser is shown in Fig. 3(b).

(1) Refrigerant side heat transfer equations

d𝑄r,c = 𝑚r,c
(
ℎri,c − ℎro,c

)
=𝛼r,cd𝐴i

(
𝑡rm,c − 𝑡w,c

)
(7)

(2) Cooling water side heat transfer equations

d𝑄w = 𝑚w
(
ℎwo − ℎwi

)
=𝛼wd𝐴o

(
𝑡w,c − 𝑡wm

)
(8)

3.3. Compressor model

(1) Compressor displacement

𝑚com = 𝜂v𝑉th∕𝑣suc (9)

(2) Compressor power

𝑊 = 𝑚com
(
ℎ
′
𝑑𝑖𝑠
− ℎsuc

)
∕𝜂s (10)

(3) Refrigerant outlet enthalpy value

ℎdis = ℎsuc +
(
ℎ
′
𝑑𝑖𝑠
− ℎsuc

)
∕𝜂s (11)

(4) Intermediate pressure of two-stage compression

𝑃m =
√
𝑃e𝑃c (12)

3.4. Intercooler model

A parameter concentration model is established for the intercooler,

and the flow heat transfer process of the refrigerant in the intercooler is

solved according to the following control equations:

𝑚rl
(
ℎri,int − ℎol

)
= 𝑚sup

(
ℎog − ℎri,int

)
(13)

𝑚sup = 𝑚rh − 𝑚rl (14)

3.5. Throttle valve model

The throttling process is considered as an isenthalpic process.

ℎval,i = ℎval,o (15)

Refrigerant mass flow rate of throttle valve:

𝑚r,val = 𝐶
√
𝜌i(𝑃i − 𝑃o) (16)

3.6. Refrigerant charge model

The refrigerant is mainly present in the collector/evaporator, water-

cooled condenser, compressor cavities, and intercooler. Therefore, re-

frigerant in the connection line can be ignored, and the refrigerant

charge can be calculated by the following formula.

𝑀 =𝑀eva +𝑀con +𝑀int +𝑀com,h +𝑀com,l (17)

The single-phase refrigerant charge amount Mr’ and the two-phase

refrigerant charge amount Mr” are calculated by the following formulas:

𝑀
′
r =

∑
𝜌𝐴Δ𝑥 (18)

𝑀
′′ =

∑[
𝛼𝜌g + (1 − 𝛼)𝜌l

]
𝐴Δ𝑥 (19)

𝛼 =
(
1 +

( 1
𝑥

−1
)
⋅
𝜌g

𝜌l

)−1
(20)

3.7. Heat pipe cycle power

The cycle power of heat pipe loop is related to the height difference

between condenser and evaporator and the density difference between

gaseous refrigerant and liquid refrigerant. The calculation formula of

the cycle power of heat pipe loop is as follows:

Δ𝑃 =
(
𝜌l − 𝜌g

)
× Δ𝐻 × 𝑔 (21)

4
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Fig. 4. Flow chart of two modes algorithm.

3.8. Solution to the system mathematical model

The flow charts of two modes algorithm are shown in Fig. 4. The in-

ternal flow parameters are unknown therefore three iterations are both

needed for simulation of the heat pipe mode and vapour compression

heating mode. Thermodynamic parameters of refrigerant were calcu-

lated by RefProp8.0.

3.9. Model verification

To verify the accuracy of the mathematical models, R134a was cho-

sen as the refrigerant. The evaporating pressure and condensing pressure

of the unit in the heat pipe mode and the evaporating temperature and

compressor discharge temperature of the unit in the vapour compression

heating mode were calculated by MATLAB software. The calculation re-

sults were compared with the experimental results [21]. When the unit

is running in the heat pipe mode, the ambient temperature is 24–28 °C,

the radiation intensity is 600 W/m
2
, the inlet water temperature is 11 °C,

and the cooling water flow rate is 10.8 m
3
/h. When the unit is operating

in the vapour compression heating mode, the radiation intensity is 300–

700 W/m
2
, the ambient temperature is 3 °C, the inlet water temperature

is 4 °C, and the cooling water flow rate is 0.9 m
3
/h.

It can be seen from Fig. 5 that in the heat pipe mode, the error be-

tween the simulated value and the experimental value of the evaporat-

Fig. 5. Curves of evaporation pressure (a) and condensation pressure (b) under the heat pipe mode.
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Fig. 6. Curves of evaporation temperature (a) and discharge temperature (b) under the vapour compression heating mode.

ing pressure is kept within 5%, and the error between the simulated

value and the experimental value of the condensing pressure is between

10% and 20%. As shown in Fig. 6, in the vapour compression heat-

ing mode, the error between the simulated value and the experimental

value of the evaporating temperature is within −10%, and the error of

the discharge temperature is between −5% and 5%. The calculation er-

ror of the unit model is small, thus the simulation results can meet the

performance prediction requirements.

4. Simulation results and analysis

To compare the performance of the DSHHPU when charging differ-

ent refrigerants, the performance of the unit with R134a, R32, R600a

or R290 was calculated by MATLAB software. The physical properties

of the refrigerant under different conditions are obtained by REFPROP

software.

4.1. Performance of the DSHHPU in heat pipe mode

The performance of the unit was simulated under the conditions of

ambient temperature of 27 °C, radiation intensity of 0–800 W/m
2
, and

radiation intensity of 700 W/m
2
, and ambient temperature of 24–30 °C.

In the two conditions, the cooling water inlet temperature is 10 °C, and

the water flow rate is 10.8 m
3
/h.

In the heat pipe mode, the refrigerant is naturally circulated, driven

by the density difference, and the flow rate is low, thus the values of

the evaporation pressure and the condensing pressure are very close. In

order to compare the operating pressures of different refrigerants in the

heat pipe mode, the evaporation pressure of each refrigerant under dif-

ferent conditions was calculated. Fig. 7(a) shows the variation of evap-

oration pressure of different refrigerants with the intensity of solar radi-

ation. When the solar radiation intensity increases from 0 to 800 W/m
2
,

the heat transfer performance of the unit is improved. The evaporation

pressures of R134a, R32, R290 and R600a are increased by 2.33, 5.96,

1.47 and 3.29%, respectively. As shown in Fig. 7(b), when the ambi-

ent temperature is raised from 24 °C to 30 °C, the evaporation pressures

of R134a, R32, R290, and R600a are increased by 3.88, 2.65, 2.37,

and 7.25%, respectively. The average evaporation pressures of R134a,

R32, R290, and R600a are 887.43, 1419.33, 772.12, and 283.28 kPa,

respectively. After comparison, it is found that the average evapora-

tion pressure of R32 is 59.94% larger than that of R134a because the

standard evaporation temperature of R32 is lower than that of R32.

The average evaporation pressures of R290 and R600a are 12.99% and

68.08%, respectively, smaller than that of R134a.

Fig. 8(a) shows the variation of the heat capacity of the DSHHPU

with the intensity of solar radiation. When the solar radiation intensity

increases from 0 to 800 W/m
2
, the heat capacities of R134a, R32, R290,

and R600a are increased by 9.88, 7.50, 13.13, and 16.41%, respectively.

As shown in Fig. 8(b), when the ambient temperature is raised from

24 °C to 30 °C, the heating capacities of R134a, R32, R290, and R600a

are increased by 15.76, 7.97, 17.55, and 22.24%, respectively. The aver-

age heating capacities of R134a, R32, R290, and R600a are 7.09, 9.71,

6.68, and 4.02 kW, respectively. The heating capacity of each refrigerant

is mainly determined by its latent heat of vaporization and mass flow

rate. In heat pipe mode, the refrigerant mass flow rate is determined by

the difference in gas–liquid density. Although the latent heats of vapor-

ization of R32 and R134a are less than those of R290 and R600a, the

mass flow rates of R32 and R134a are much larger than those of R290

and R600a due to the large difference in gas–liquid density. Therefore,

the heat capacities of R32 and R134a are larger than those of R290 and

Fig. 7. Variation of evaporation pressure of the DSHHPU with four refrigerants.
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Fig. 8. Variation of heating capacity of the DSHHPU with four refrigerants.

R600a. At the same time, since the latent heat of vaporization of R32 is

larger than that of R134a, the heat capacity of R32 is higher than those

of the other three refrigerants. It is found that the average heating ca-

pacity of R32 is 36.94% larger than that of R134a, while the average

heating capacities of R290 and R600a are 5.73% and 43.29% smaller

than that of R134a. In addition, since the energy consumption of the

DSHHPU in the heat pipe mode is mainly composed of the energy con-

sumptions of the water pumps and fans, the total energy consumptions

of the DSHHPU with different refrigerants are basically the same, and

the COP of each refrigerant is mainly determined by its heat capacity.

Therefore, the COP of R32 is the largest in heat pipe mode, and the COPs

of R290 and R600a are lower than that of R134a.

4.2. Performance of the DSHHPU in vapour compression heating mode

In order to study the performance of the unit with different refriger-

ants in the vapour compression heating mode, the DSHHPU’s evapora-

tion pressure, compressor discharge temperature, heating capacity and

COP were calculated when the ambient temperature is between −16 °C

and 2 °C. The radiation intensity is 200, 400 and 600 W/m
2
, respec-

tively, the cooling water inlet temperature is 40 °C, and the cooling wa-

ter flow rate is 0.9 m
3
/h.

The performance of the DSHHPU in vapour compression heating

mode is affected by various operating parameters, where the operating

pressure is a key influence parameter. Therefore, taking the evaporation

Fig. 9. Evaporation pressure of the DSHHPU with four refrigerants.
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Fig. 10. Compressor discharge temperature of the DSHHPU with four refrigerants.

Fig. 11. Heating capacity of the DSHHPU with four refrigerants.
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Fig. 12. COP of the DSHHPU with four refrigerants.

pressure as an example, the operating pressure of each refrigerant under

different working conditions was calculated. Fig. 9 shows the variation

of the evaporation pressure of the DSHHPU with R134a, R32, R290 and

R600a. When the ambient temperature is raised from −16 °C to 2 °C, the

average evaporation pressures of R134a, R32, R290, and R600a are in-

creased by 83.71, 75.35, 75.65, and 94.63%, respectively, due to the

improvement of heat transfer performance. When the solar radiation

intensity is increased from 200 W/m
2

to 600 W/m
2
, the average evapo-

ration pressures of R134a, R32, R290 and R600a are increased by 7.49,

8.01, 7.04 and 8.05%, respectively. Due to the difference in standard

evaporation temperatures, the average evaporation pressures of R134a,

R32, R290, and R600a are 313.52, 468.51, 308.69, and 96.31 kPa, re-

spectively. After comparison, it is found that the average evaporation

pressure of R32 is 49.44% higher than that of R134a, and the average

evaporation pressures of R290 and R600a are 1.54% and 69.28% lower

than that of R134a, respectively.

The compressor discharge temperature has an important influence

on the performance of the unit, especially on the unit reliability. There-

fore, the compressor discharge temperature of the unit with differ-

ent refrigerants under different conditions is calculated. Fig. 10 shows

the variation of the compressor discharge temperature of the DSHHPU

with four refrigerants. When the ambient temperature is raised from

−16 °C to 2 °C, the average discharge temperatures of R134a, R32, R290,

and R600a are decreased by 10.39, 17.33, 4.19, and 7.60%, respec-

tively. When the solar radiation intensity is increased from 200 W/m
2

to 600 W/m
2
, the average discharge temperatures of R134a, R32, R290

and R600a are decreased by 1.97, 2.72, 0.80, and 1.12%, respectively.

The average discharge temperatures of R134a, R32, R290, and R600a

are 86.13, 159.25, 62.86, and 57.23 °C, respectively. The discharge tem-

perature is mainly determined by the adiabatic index and compression

ratio of the refrigerant. Since the R32 has a higher adiabatic index and

compression ratio than the other three refrigerants, the discharge tem-

perature of R32 is much larger than those of the other three refrigerants.

After comparison, it is found that the average discharge temperature of

R32 is 84.88% higher than that of R134a. The average discharge tem-

peratures of R600a and R290 are 33.56% and 27.02% lower than that

of R134a, respectively.

Fig. 11 shows the variation of heating capacity of the DSHHPU with

four refrigerants in vapour compression heating mode. When the am-

bient temperature is raised from −16 °C to 2 °C, the average heating

capacities of R134a, R32, R290, and R600a are increased by 22.12,

21.91, 22.72, and 32.22%, respectively. When the solar radiation in-

tensity is increased from 200 W/m
2

to 600 W/m
2
, the average heating

capacities of R134a, R32, R290, and R600a are increased by 2.45, 2.66,

2.84, and 3.43%, respectively. The average heating capacities of R134a,

R32, R290, and R600a are 11.95, 19.63, 11.18, and 5.61 kW, respec-

tively. In the vapour compression heating mode, the heating capacity

is proportional to the latent heat of vaporization and mass flow rate of

the refrigerant. The mass flow rate in this mode is primarily determined

by the refrigerant density at the compressor inlet. Since R32 and R134a

have higher inlet densities, which make their mass flow rates greater

than those of R290 and R600a, R32 and R134a have higher heating ca-

pacities than those of R290 and R600a. After comparison, it is found

that the average heating capacity of R32 is 64.27% higher than that of

R134a, and the average heating capacities of R290 and R600a are 6.42%

and 53.01% lower than that of R134a, respectively.

Fig. 12 shows the variation of COP of the DSHHPU with four refriger-

ants in vapour compression heating mode. When the ambient tempera-

ture is raised from−16 °C to 2 °C, the average COPs of R134a, R32, R290,

and R600a are increased by 30.65, 23.45, 38.43, and 42.91%, respec-

9
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tively. When the solar radiation intensity is increased from 200 W/m
2

to 600 W/m
2
, the average COPs of R134a, R32, R290, and R600a are in-

creased by 4.65, 3.96, 4.62, and 4.52%, respectively. The average COPs

of R134a, R32, R290, and R600a are 2.85, 2.07, 3.18, and 3.36, respec-

tively. Although R32 has a higher heating capacity than the other three

refrigerants, its discharge temperature and compression ratio are rela-

tively high, which makes its performance worse, so its COP is lower.

After comparison, the average COP of R32 is 27.35% lower than that

of R134a, while the average COPs of R600a and R290 are 17.94% and

11.59% higher than that of R134a, respectively.

5. Conclusion

In order to compare the performance of the DSHHPU with different

refrigerants, the mathematical model of the unit was established, and its

performance was simulated and analysed. Through analysis, the main

conclusions are as follows:

(1) In the heat pipe mode, the average evaporation pressure and av-

erage heating capacity of the unit are R32, R134a, R290 and

R600a respectively from high to low order. Taking R134a as the

comparison object, the average COP of R32 was 36.94% larger

than that of R134a, while the average COP of R290 and R600a

was 5.73% and 43.29% smaller than that of R134a, respectively.

Besides, the increase of radiation intensity is helpful to improve

the evaporation temperature and heating capacity of the system,

so as to increase the COP of the system.

(2) In the vapour compression heating mode, the average evapora-

tion pressure, average discharge temperature and average heat-

ing capacity of the unit are R32, R134a, R290 and R600a re-

spectively in the order from high to low. Taking R134a as the

comparison object, the average COP of R32 was 27.35% lower

than that of R134a, while the average COP of R290 and R600a

was 17.94 and 11.59% higher than that of R134a, respectively.

Besides, the increase of radiation intensity is helpful to improve

the evaporation temperature and heating capacity of the system,

reduce the discharge temperature, so as to increase the COP of

the system.
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a b s t r a c t

Solar Aided Power Generation (SAPG) is the most efficient and economic ways to hybridise solar thermal energy

and a fossil fuel fired regenerative Rankine cycle (RRC) power plant for power generation purpose. In such an

SAPG plant, the solar thermal energy is used to displace the extraction steam by preheating the feedwater to

the boiler. The displaced/saved extraction steam can, therefore, expand further in the steam turbine to generate

power. The research and development of the SAPG technology started in the 1990s. This paper is trying to reviews

and summarises the progress of research and development of the SAPG plant technology in last almost 30 or so

years, including the technical and economic advantages of SAPG over other solar thermal power generation tech-

nologies (e.g. solar alone power generation), various modelling techniques used to simulate SAPG perforamnce,

impacts of SAPG plant’s configuration, size of solar field and strategies to adjust mass flow rate of extraction steam

on the plant perforamnce, exergy analysis of SAPG plant and operation strategies to maximise plant’s economic

returns etc. In addition, the directions for future R& D about SAPG technology have been pointed/proposed in

this paper.

1. Introduction

With the development and improvement of living standards of the

world, the need for energy grows rapidly [1]. Meanwhile, the increase

in electricity demand grows more rapidly than the demand for the liquid

fuels, natural gas and coal [2]. In 2014, about 40% of electricity in the

world was produced by coal fired power plant, while 26% of electricity

came from oil and gas fired power plant [3]. It was reported that fossil

fired power plant will increase by 27% in the next 20 years [4]. The

increase in fossil fuel combustion leads to a global temperature rise [5].

In order to reduce or prevent the negative environmental impact from

fuel combustion, the used to other kinds of energy resources to generate

electricity is attracting more attention [6]. It has been reported that the

percentage of electricity generated from renewable sources will increase

from 6% in 2015 to 38% in 2040 [6]. The solar thermal power gener-

ation is attracting more and more attention as a cleaner way for power

generation purpose [7].

However, at present stage, the solar thermal power generation has

two major shortcomings: high capital costs and relative low thermal ef-

ficiency. On the other hand, fossil fuel fired Rankine cycle power plants

which are currently still the backbone of electricity production in the

world, have a better thermal efficiency and relatively low capital costs

to build. Therefore, hybridising solar thermal energy with a fossil fuel

∗
Corresponding author.

E-mail address: eric.hu@adelaide.edu.au (E. Hu).

fired Rankine cycle power plant is an efficient and economical way to

utilise solar thermal energy for power generation and to reduce emission

from fossil fire power production [8–11]. This hybrid power system can

both reduce the carbon dioxide emissions and promote the output of a

power plant [12]. Among various options to hybrid solar thermal en-

ergy and the fossil fired Rankine cycle power plants, Solar Aided Power

Generation (SAPG) has been proved to be the most efficient one for low

to medium temperature (100 °C to 300 °C) solar thermal resources [13],

which is the specific review object of this paper.

A typical Rankine cycle power plant consists of the boiler, steam

turbine, condenser and a feedwater heater (FWH) system. In order to

increase its thermal efficiency, the Rankine cycle has been modified into

Regenerative Rankine Cycle (RRC) in which a part of steam is extracted

half way from the turbine to preheat the feedwater [14]. Almost all

power plants nowadays have multi-stage regenerations/extractions (up

to 8 stages) in the world, therefore, solar thermal energy can be used to

displace energy of extraction steam to multi-stage.

Generally speaking, there are two potions for the solar thermal en-

ergy to be integrated into Rankine power plants as shown in Fig. 1. These

two options could also be employed together in the same power plant.

Table 1 summarises the advantages and disadvantages of two op-

tions of introducing solar thermal energy into the RRC power plant.

SAPG reviewed in this paper refers to the option 2, which solar thermal
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Nomenclature

CT constant temperature strategy

CM constant mass flow rate strategy

ET evacuated tube

FS fuel saving

FWH feedwater heater

HTF heat transfer fluid

LCOE levelized Cost of Electricity

PB power boosting

PT parabolic trough

RRC regenerative Rankine cycle

SAPG solar aided power Generation

SP solar preheater

VT-HL high to low varying temperature

VT-LH low to high varying temperature

energy is used to preheat the feedwater to the boiler. This option is suit-

able for low to medium temperature solar thermal energy (i.e. less than

300 °C). The technical performance of this option is better than that of

a stand-alone solar thermal power plant with the same solar thermal

temperature [16–18]. Also, this option has economic advantages due

to low capital costs [19–21]. And, it is flexible in its implement [22].

Comparing with the option 1, this option has advantage of lower capital

cost when both options have same capacity [23–26]. However, this op-

tion suffers from disadvantages of lower solar share and solar thermal

to power efficiency [27–33].

2. Solar Aided Power Generation

The term of Solar Aided Power Generation (SAPG) was firstly used

by Hu [22], although it had been informally used since 1997 [34]. The

SPAG technology is a solar hybrid power system in which low grade

solar thermal energy is used to displace the high grade heat of the ex-

traction steam in an RRC power plant for feedwater preheating purpose

[35]. The key feature of SAPG is that the solar heat carried by heat trans-

fer fluid (HTF) or steam does not enter the turbine directly to generate

power, instead is to be used only to displace the extraction steam by

preheating feedwater entering the boiler. The saved/displaced extrac-

tion steam therefore could continue to expend in the turbine to generate

power. The power generated by the saved/displaced steam is counted

as the power generated by the solar thermal input.

The SAPG concept sounds simple but it has great thermodynamic

advantages over other solar thermal power generation systems. For any

solar thermal power system, its thermal efficiency is limited/capped by

Table 1

Comparison of the advantages and disadvantages of two options of introducing

solar thermal energy into a regenerative Rankine cycle power plant.

Advantages Disadvantages

Option 1: High

temperature solar heat

(higher than 300 °C)

• High solar share
• High efficiency

• High cost
• Not easy for

building

Option 2: Low

temperature solar heat

(less than 300 °C)

• Low cost
• Flexible in its

implement

• Low solar share
• Low efficiency

the highest temperature of the solar thermal source when the thermal

sink temperature is fixed. Namely, the maximum efficiency of a con-

ventional solar thermal power system is limited by the highest temper-

ature of solar thermal input. However, for the SAPG system, the solar

to power efficiency is no longer limited/capped by the temperature of

solar thermal input but the highest temperature of the whole plant i.e.

the combustion temperature, which is normally much higher than solar

heat input temperature [14].

A typical SAPG plant was given by Yang et al. as shown in Fig. 2.

At the concept level, the advantages of SAPG are summarised as below

[22]:

(1) The SAPG technology has higher thermodynamic 1st law and 2nd

law i.e., exergy efficiencies over the solar thermal alone power

station.

(2) A relatively low implementation cost, and high social, environ-

mental and economic benefits become a reality as SAPG tech-

nology could utilise the existing infrastructure of fossil fuel fired

power stations.

(3) The SAPG plant can be applied to not only new built power sta-

tion but also to modify the existing power station with less or no

risk to the operation of the existing power stations.

(4) The thermal storage system that at present is still technically

immature is not necessary. The simplicity is another beauty of

the SAPG technology. The pattern of electricity demand shows

that nowadays air conditioning demand has a great impact on

the electricity load [37]. Afternoon replaces the evening to be

the peak loading period in summer. This means that the addi-

tional power generated by the SAPG plant is just at the right time.

Namely, the solar contribution and power demand are peak at the

same time i.e., during summer day time.

(5) The SAPG plant is flexible in its implement. Depending on the

capital a power station has, the SAPG plant can be applied to the

power station in stages.

Fig. 1. Basic options for integrating solar thermal energy into a re-

generative Rankine cycle power plant, option 1 is integrating high

temperature solar thermal energy into the boiler, and option 2 is uing

low to medium temperature solar thermal energy to preheat feedwater

of power plant. [15].
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Fig. 2. A schematic diagram of a typical Solar Aided Power Generation (SAPG) plant [36].

Fig. 3. The alternative daily “power boosting”

and “fuel saving” modes for an SAPG plant

[36].

(6) Low temperature range solar collectors e.g. evacuated tubes and

flat-plate collectors, can be used in the SAPG plant. It is a great

new market for the solar (collectors) industry. There is research

shows using non-concentrating collectors in SAPG plants has

technical advantages over concentrating collectors [38].

(7) The SAPG plant can be operated in either Power Boosting (PB)

or Fuel Saving (FS) modes. These two modes are illustrated in

Fig. 3 [36]. The PB mode is defined as when the solar thermal

energy is being used to increase the power output of the power

plant without the increase of fuel consumption in the boiler. On

the other hand, the FS mode is defined as when the solar thermal

energy is being used to reduce the boiler fuel consumption of the

power plant. Under this condition, the power output from the

plant remains unchanged.

In addition, with the SAPG principle, other renewable thermal en-

ergy, e.g. geothermal energy, can also be used together or independently

with solar thermal heat for the same purpose [39–45]. It was found that

geothermal hybrid power systems has higher geothermal to power effi-

ciency than a stand-alone geothermal power plant has [39,40].

“Solar (or geothermal) to power efficiency” and “instantaneous solar

share” are two often used criteria to compare the perforamnce among

plants. The solar thermal to power efficiency is defined as power gener-

ated by solar energy (indirectly) on the sum of total solar thermal energy

input plus the boiler load changed if any, which is given as:

𝜂
𝑠𝑜𝑙𝑎𝑟

=
Δ𝑊

𝑒

𝑄
𝑆𝑜𝑙𝑎𝑟

+ Δ𝑄
𝑏𝑜𝑖𝑙𝑒𝑟

, (1)

where ΔWe is the increased power output by saved extraction steam;

QSolar is the solar thermal input; and ΔQboiler is the changed boiler re-

heating load, accounting for increases in reheat steam flows. The in-

stantaneous solar share is defined as instantaneous solar thermal input

on the (instantaneous) boiler thermal load [13]. The other way to de-

fine the solar share is the solar thermal input on the total plant thermal

loads including boiler load and solar thermal input [13]. Two different
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Fig. 4. Solar thermal to power efficiency of an SAPG plant at the

temperature of 90 °C, 215 °C and 260 °C [13].

Fig. 5. Instantaneous solar share of an SAPG plant with various solar

temperature [13].

definitions of instantaneous solar share can be written as:

𝑥
𝑠𝑜𝑙𝑎𝑟,1 =

𝑄
𝑆𝑜𝑙𝑎𝑟

𝑄
𝑏𝑜𝑖𝑙𝑒𝑟

, (2)

𝑥
𝑠𝑜𝑙𝑎𝑟,2 =

𝑄
𝑆𝑜𝑙𝑎𝑟

𝑄
𝑆𝑜𝑙𝑎𝑟

+𝑄
𝑏𝑜𝑖𝑙𝑒𝑟

, (3)

Figs. 4 and 5 present the solar thermal to power efficiency and in-

stantaneous solar share of an SAPG plant for solar input at different

temperatures [13].

It can be seen from Fig. 4 that the SAPG plant is more efficient than

the stand-alone solar thermal power plant at the same solar input tem-

perature, in terms of solar to power efficiency. Furthermore, the effi-

ciency in the supercritical power plant at a given solar input temperature

is higher than that in the subcritical power plant at the same temper-

ature. The reason is that in an SAPG plant, the SAPG is actually piggy

back solar energy on the original power plant, so its solar to power effi-

ciency depends not only on the solar input temperature but also on the

thermal efficiency of the original plant.

Fig. 4 also reveals/demonstrates the thermodynamic advantage of

the SAPG technology that its solar to power efficiency is not lim-

ited/capped by solar temperature. In the 260 °C case in Fig. 4, the solar

to power efficiency in a 600 MW supercritical SAPG power plant could

be higher than the Carnot efficiency between 260 °C and 35 °C, the as-

sumed plant’s condensing temperature. An explanation for this “impos-

sible” result is that solar heat (at 260 °C) in the SAPG plant is not used

to generate power directly, instead used to preheat feed water, so the

highest temperature in the SAPG plant is the temperature of the super-

heated/supercritical steam entering the (high pressure) turbine, which

is higher than 500 °C if not 600 °C. From Fig. 5, it can be seen that with

the higher temperature solar heat input, the instantaneous solar share in

the SAPG plant could be higher, for the solar heat at higher temperature

could be used to displace more stages of extraction steam.

3. Modellings of SAPG plants

As there is no real SAPG plants existing in the world yet, almost

all studies on the SAPG technology and plants are modelling based. In

previous studies, most of models developed were for SAPG plant de-

signing and/or design optimisation purposes, namely focusing on the

performance of the plant at the design point. Recently, since 2016, the

research on SAPG starts to progress from plant design to plant operation

stages.

3.1. Static and semi-dynamic modelling of the SAPG technology

Most early studies of the SAPG plant are based on static or steady

state modelling, in which the solar thermal input is assumed at a given

value, i.e. unchanged. The static performances of an SAPG plant with

a given solar thermal input were simulated by these models. This mod-

elling can be used to evaluate the thermodynamic performance of the

SAPG plant with a given solar thermal input. Based on static modelling,

Yan et al. found that, for the SAPG plant operated in the power boosting

mode, the greater amount of solar thermal input leads to higher techni-

cal performance [46,47]. Later, Yang et al. [36] found that this conclu-

sion are suitable for the SAPG plant operated for both power boosting

and fuel saving modes.
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As the SAPG plant should be operated under various solar radiation

condition, the impact of solar radiation on the SAPG plant and annual

technical performance of the SAPG plant should be evaluated. How-

ever, static modelling cannot achieve these goals. Therefore, most recent

studies were based on a semi-dynamic or pseudo-dynamic modelling, in

which the SAPG plant is simulated in series of time intervals (e.g. 1 h).

In each time interval, the performance of the SAPG plant was assumed

at steady state. The annual performance of the SAPG plant is then cal-

culated as the sum of its performance at each time interval. Therefore,

this modelling can be used to evaluate the annual performance of an

SAPG plant under variable solar resources. Based on the semi-dynamic

modelling, Hou et al. evaluated the Levelised Cost of Electricity (LCOE)

of the SAPG plant under variable solar radiation conditions [48]. The

results indicated that the optimal solar collector areas for lowest LCOE is

influenced by the annual solar radiation conditions. Although the semi-

dynamic modelling can be used to evaluate the impact the solar radi-

ation on the SAPG plant, this modelling is still based on steady state

modelling, by which the start-up and shut-down losses of integration

process is not able to be simulated.

Most of previous static models and semi-dynamic models developed

were for the purpose of designing of an SAPG plant. Namely, they were

to determine which stage of extraction steam should be displaced, what

size of solar field should be installed, and what is economic returns e.g.

LCOE and/or payback time for a particular design. Recently, Qin et al.

developed a semi-dynamic model for the purpose of operation of an

SAPG plant [49–51]. Namely, how to adjust the mass flow rate of ex-

traction steam to respond to the change of solar thermal input, and when

to operate the PB or FS mode under variable solar radiation, fuel price

and electricity tariff to achieve maximum profitability. It was found that

even with same annual solar radiation, different method to adjust the

mass flow rate of extraction steam would lead to variable annual techni-

cal performance [49,50]. It was also found that mixed PB and FS mode

can achieve higher annual economic profitability than single PB or FS

mode [51].

3.2. Approaches in the SAPG technology modelling

Modelling an SAPG plant is actually modelling the energy and mass

flows in the plant based on the mass and energy conservation principles.

Matrix Method is an often used approach for simulating the SAPG plant

by previous studies, in which the heat and mass flow balances of the

FWH system are expressed in Matrix form. In the Matrix Method, the

enthalpies of the working fluid (i.e. extraction steam and feedwater) at

different location of the plant, the mass flow rate of the extraction steam

are presented in a Matrix form.

Eq. (4) presents an example of the Matrix for a power plant with 8

FWHs (1 deaerator and 7 closed FWHs) [49]:

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

𝑞1 ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ 0
𝑟2 𝑞2 ⋱ ⋱ ⋱ ⋱ ⋱ ⋮
𝑟3 𝑟3 𝑞3 ⋱ ⋱ ⋱ ⋱ ⋮
𝑟4 𝑟4 𝑟4 𝑞4 ⋱ ⋱ ⋱ ⋮
𝜏5 𝜏5 𝜏5 𝜏5 𝑞5 ⋱ ⋱ ⋮
𝜏6 𝜏6 𝜏6 𝜏6 𝑟6 𝑞6 ⋱ ⋮
𝜏7 𝜏7 𝜏7 𝜏7 𝑟7 𝑟7 𝑞7 ⋮
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(4)

In Eq (4), qi (kJ/kg) is the specific enthalpy decrease of the extraction

steam in the ith FWH; 𝜏 i (kJ/kg) is the specific enthalpy increase of the

FW in the ith FWH; ri (kJ/kg) is the specific enthalpy decrease of the

drained steam from the (i-1)th
FWH in the ith FWH; and yi is the mass

flow rate of the each stages of extraction steam. Eq. (4) is the core of the

Matrix for an RRC plant. After knowing the qi, 𝜏 i and ri for each FWH,

the mass flow rate of the extraction steam can be calculated.

After solar input added, a new Matrix (for the SAPG plant) has been

added into Eq. (4), which is given as Eq (5),

⎛
⎜
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𝜏6 𝜏6 𝜏6 𝜏6 𝑟6 𝑞6 ⋱ ⋮
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where �̇�
𝑆𝑜𝑙𝑎𝑟,𝑖

(kJ/s) is the solar thermal power displacing the extraction

steam of ith FWH; and �̇�0 (kg/s) is the mass flow rate of steam outlet

boiler. The �̇�
𝑆𝑜𝑙𝑎𝑟

is equal to
∑

�̇�
𝑆𝑜𝑙𝑎𝑟,𝑖 . The mass flow rates of each ex-

traction steam required with various solar input could be calculated by

solving Eq. (5), which is the necessary information required to operate

a SAPG plant.

However, the Eq. (5) is based on an assumption that the

specific enthalpy of the extraction steam entering FWHs sys-

tem remains unchanged with the addition of the solar heat

input.

In an SAPG plant, after the solar thermal input, the steam mass flow

rate through the steam turbine would change, which means that the

steam turbine would be operated under off-design condition. Some stud-

ies were using Flugel’s formula (i.e. Stodola’s Law) to simulate the off-

design condition for steam turbine [19,48,52]. By using this formula, the

variations of steam enthalpy at each extraction points after the change

of the steam flow rates can be calculated. Flugel’s formula can be written

as:

p′
𝑘
=

√

𝑝
2
𝑘
−

𝑇
𝑘

𝑇
𝑘0

(
�̇�
𝑘

�̇�
𝑘0

)2(
𝑝
2
𝑘0 − 𝑝

′
𝑘0
2
)
, (6)

where: �̇�
𝑘

is the flow rate of steam turbine after solar input; �̇�
𝑘0 is the

designed flow rate; pk is the changed inlet pressure; p′
𝑘

is the changed

outlet pressure; pk0 is the designed inlet pressure; p′
𝑘0 is the designed

outlet pressure; and Tk0 and Tk are the inlet temperatures under the

designed load and part load conditions, respectively.

Fig. 6 presents a logic flow for an SAPG plant modelling by using

Matrix method and Flugel’s formula [48]. In Fig. 6, it shows that after

the calculation of new flow rate of steam by using Eq. (5), the new

pressure at each extraction points is calculated by using Eq. (6) until

the deviation achieve a setting number.

When the solar input into the SAPG plant changes, the mass flow rate

of water/steam entering boiler would change as well, especially when

the plant is operated at FS mode. The change would lead to the varia-

tions of steam parameters at outlets of the boiler. However, most studies

assumed the boiler as a black box, which means that the parameters of

steam at inlet and outlet of the boiler remain unchanged even when so-

lar thermal input changes. Recently, Wu et al. [53], Li et al. [54,55] and

Huang et al. [56] modelled the boiler as a series of heat exchangers, in

which the parameters of steam outlet the boiler after the integration of

solar thermal energy can be calculated. It was found that the parame-

ters of the steam outlet boiler and reheater would be decreased after the

solar thermal integration [53]. However, these results are only suitable

for fuel saving mode and for a subcritical power plant [54].

There are also SAPG plant’s simulation models developed based on

commercial software. Popov et al. used THERMOFLEX software to build

the SAPG’s simulation model [57]. Bakos et al. [58] and Alam et al.

[59] built an SAPG plant by using the Solar Thermal Electric Component

(STEC) of the TRNSYS software.

4. Configurations of the SAPG technology

An SAPG plant consists of an RRC power plant, a solar field and a

heat exchanger system which is used to facilitate the thermal energy
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Fig. 6. Logic flow or an SAPG plant modelling for fuel saving mode by using Matrix method and Flugel’s formula [48].

transfer between the solar field and RRC power plant. SAPG plants may

have different configurations for the heat exchanger and the solar field

arrangement.

4.1. Solar preheaters configuration

In an SAPG plant, in order to preheat the feedwater of an RRC power

plant, a heat exchanger system is needed [13]. This heat exchanger sys-

tem is termed the Solar Preheater (SP) [49]. The SP in an SAPG plant

is used to facilitate the heat exchange process between the HTF and the

feedwater of the RRC power plant. Therefore, the SP in an SAPG plant

is used to displace the function of the FWHs in an RRC power plant. De-

pending on the arrangement of the SP according to the FWHs, an SAPG

plant has different configurations, which is termed as Solar Preheater

configuration [49].

Most studies are based on a SP configuration that SP is arranged

in parallel with the displaced FWHs, which is termed as parallel con-

figuration [49]. Fig. 7 presents the schematic diagram of the parallel

configuration. As shown in Fig. 7, there is a SP in parallel with all high

pressure/temperature FWHs, which is used to displace extraction steam

to these FWHs. In such configuration, the mass flow rate of the feedwa-

ter flowing through the FWH and SP is needed to be controlled, which

is dependent on the available solar thermal energy [22]. When the solar

thermal energy level is sufficient, all the feedwater is directed to the SP

system, bypassing the FWH.

Few studies are based on another SP configuration, in which the

SP is arranged in series with the FWHs of the RRC power plant, which

is termed as Series configuration [49]. Fig. 8 presents an SAPG plant

based on Series configuration by Wu et al. [61]. As shown in Fig. 8,

the SP (i.e. Ex1 in Fig. 8) is in series with the deaerator and the high

pressure/temperature FWHs (i.e. HP1 to HP3 in Fig. 8), and the solar

thermal energy is used to displace extraction steam to all high pres-

sure/temperature FWHs. In such a configuration, all of the mass flow

rate of the feedwater enters the SP and is preheated by the solar ther-

mal energy, then, the preheated feedwater is directed to the FWH and

preheated by the extraction steam [62–64].

Early studies by Bloomfield and Calogeras [20] and by Energy Re-

search Development Administration of the U.S. [21] compared the op-

eration of the Parallel and Series configurations. It was pointed that for

the parallel configuration, as controls are required to balance the mass

flow rate of the feedwater between the SP the FWH system, the opera-

tion of such a configuration is relatively complex [20,21]. However, for

the series configuration, as the controls are only required to adjust the

mass flow rate of the extraction steam, the operation of such a configu-

ration is relatively easier to control than that of a parallel configuration

[20,21]. Recently, Suojanen et al. [65] pointed that configuration would

have great effect on the solar share of the SAPG plant. The reason is

that different configurations leads to different turbine sections and heat

surfaces of the steam boiler being imbalances.

In early studies of the SAPG plant, Pai proposed another structure of

the series configuration, which is shown in Fig. 9 [66]. In this structure,

each FWH has one series of SP. After the solar thermal input, the mass

flow rates of the extraction steam at all extraction points should be ad-

justed. As it is needed to balance the energy of all FWHs and the SP for

this structure, the operation of such a structure would be complex.

A recent study by Qin et al. identified four possible configura-

tions for the SAPG plant, which is given in Fig. 10 [49]. Fig. 10(a) and

Fig. 9(b) presents two structures for parallel configuration. In Fig. 10(a),

each displaced FWH has one parallel SP, and in Fig 10(b), one bigger

SP is arranged in parallel with all displaced FWHs. Comparing the

two Parallel configuration, the Parallel 1 configuration is flexible

in displacement with variable solar thermal temperature. Fig. 10(c)
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Fig. 7. A schematic diagram for demonstrating the Solar Aided Power Generation plant with parallel configuration [60].

and Fig. 10(d) presents two structures for series configuration, in

which solar thermal energy is used to displace extraction steam to all

high pressure/temperature FWHs (i.e. FWH1 to FWH3 in Fig. 10). In

Fig. 10(c), the SP is placed in series between the FWH3 and DEA, while

in Fig. 10(d), SP is located in series between the FWH1 and the boiler.

4.2. Solar field of the SAPG technology: concentrating and

non-concentrating solar collectors

In an SAPG plant, solar field is used to provide the solar thermal

energy. Medium to low temperature solar collectors can be used in

the SAPG plant [19]. Hu et al. evaluated the SAPG plant with flat

plate, evacuated tube and parabolic trough collectors, respectively [22].

It was pointed that SAPG plant using parabolic trough collectors has

higher efficiency than that of using flat plate and evacuated tube col-

lectors. The reason is that medium temperature concentrating solar col-

lectors (i.e., parabolic trough collectors, PT) can be used to displace ex-

traction steam to high pressure/temperature FWHs, which can achieve

higher efficiency that be used to displace extraction steam to low pres-

sure/temperature FWHs.

Medium temperature (i.e. 200 °C to 300 °C) concentrating solar col-

lectors (i.e., parabolic trough, PT) were the most common selection in

previous studies of SAPG plant. Most studies are based on the assump-

tions that PT collectors are used to displace high pressure FWHs. It was

found that performance of PT collectors would have impacts on techni-

cal performance of the SAPG plants. Hong et al. evaluated the influence

of the incident angle on the performance of the SAPG plant [67]. The

result indicated that with the increase of incident angle, the solar ther-

mal to power efficiency firstly keeps constant and then decrease. Peng

et al. pointed that the solar field area for an SAPG plant would decrease

by 4% if the rotatable-axis tracing system for the PT collectors is used

[68]. Later, Peng et al. found that changing the direction of tracking

axis in different season would improve the annual solar to power effi-

ciency for an SAPG plant [69]. Recently, Wu et al. compared the SAPG

plant’s performance with three tracking modes for PT collectors, i.e. N-S

titled tracking mode, N-S horizontal tracking mode, E-W titled horizon-

tal tracking mode and dual-tracking mode [52]. The results indicated

that row spacing to aperture width ratio greatly affects the shadowing

factor. The N-S titled tacking mode can reach 93.2% level of the dual-

tracking mode. While, the N-S and E-W horizontal tracking modes can

reach the 81.8% and 59.4% levels.

In an SAPG plant, using low temperature non-concentrating collec-

tors to displace extraction steam to all low temperature/pressure FWHs

still has net land-based technical advantages. Zhou et al. found that con-

sidering the layout of solar collectors, using evacuated tube (ET) collec-

tors (i.e., non-concentrating solar collectors), has net land-based solar

thermal to power efficiency over using PT collectors [70]. In the paper,

Zhou et al. proposed a concept of net solar to power efficiency, which

is defined as the ratio of annual power output of an SAPG plant and

the annual solar radiation falling on a given piece of land. It was found

that, on a given piece of land, the total collector area of the ET collec-

tors arranged in a solar field is higher than that of the PT collectors.

Therefore, under some layouts for ET and PT collectors, an SAPG plant

using ET collectors has a better annual performance than that using PT

collectors. However, the tile angle in the paper of Zhou et al. was as-

sumed to be fixed, and annual solar radiation in only one location has

been analysed. Later, Qin et al. compared the ET and PT collectors us-

ing in an SAPG plant in a given piece of land. In this paper, in terms of

net land based solar to power efficiency and annual solar power output

per collector capital cost of an SAPG plant in three locations (Singapore;

Multan, Pakistan and St. Petersburg, Russia) [38]. It was found that an

SAPG plant using ET solar collectors has higher net land based solar to
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Fig. 8. A schematic diagram for demonstrating the Solar Aided Power Generation plant with series configuration [61].

Fig. 9. Solar Preheater configuration that proposed by

Pai [66].

power efficiency than that using PT solar collectors. Also, it was pointed

that in solar low latitude locations e.g. Singapore, using ET solar collec-

tors even have advantages of lower solar power output per capital cost

over using the PT solar collectors in an SAPG plant.

5. Operation strategies of the SAPG technology

In an SAPG plant, the technical benefit comes from the displaced

high grade thermal energy of the extraction steam [14,22]. Therefore,

the performance of an SAPG plant is dependent on the strategies to ad-

just the mass flow rate of the extraction steam, according to the solar

thermal input. These strategies are termed operation strategies for the

SAPG technology.

5.1. Solar preheater operation strategies

In an SAPG plant, the solar thermal energy used to displace extrac-

tion steam at higher temperature/pressure stage leads to higher techni-

cal performance [36,46,47]. Therefore, when the solar thermal energy

is assumed to displace more than one stage of extraction steam, the per-

formance of an SAPG plant would be dependent on the strategies used

to adjust the mass flow rate of the extraction steam to displaced extrac-

tion points/stages. These strategies have not been clearly defined by

most studies until the studies of Qin et al. [49]. Qin et al. named these

operation strategies as Solar Preheater operation strategies.

The Solar Preheater operation strategies that most previous studies

adopted have not been clearly indicated. For the studies that indicated

their strategy adopted, they were all based on a constant temperature

18



J. Qin, E. Hu and X. Li Energy and Built Environment 1 (2020) 11–26

Fig. 10. Schematic diagram of an SAPG plant FWH system proposed by Qin et al.: (a) Parallel 1 configuration; (b) Parallel 2 configuration (c) Series 1 configuration;

(d) Series 2 configuration [49].

(CT) strategy, which means that mass flow rates of extraction steam

at displaced points are adjusted to maintain the feedwater outlet tem-

perature of FWHS unchanged. SAPG plant with different configurations

adopting the CT strategy would have different method to adjust the mass

flor rate of extraction steam to displaced extraction points.

Hou et al. [48], Wu et al. [52,53,61] and Zhai et al. [62–64] evalu-

ated the performance of an SAPG plant based on the Series 2 configu-

ration. They were all assumed that solar thermal energy is used to dis-

place extraction steam to all high pressure/temperature FWHs, which is

shown in Fig. 11. Zhai et al. pointed that after the solar thermal input,

the extraction steam is displaced from low pressure/temperature stages

from high pressure/temperature stages with the incremental solar ther-

mal input (i.e. from FWH 3 to FWH 1 in Fig. 11) [62–64]. That is, the

extraction steam is displaced stage by stage.

Wu et al. [71], Hou et al. [60], Zhao et al. [72,73] evaluated

the SAPG plant’s performance based on the parallel configuration and

adopting the CT strategy. They are all assumed that solar thermal energy

is used to displace extraction steam to all high pressure/temperature

FWHs. These paper indicated that, after the solar thermal input, the

mass flow rate of the extraction to all displaced extraction point should

be decreases simultaneously [60,71]. This is different from the series

configuration.

As the technical performance of the SAPG plant dependent on

the displaced extraction steam, different order to displace extraction

steam leads to different technical returns. Therefore, the performance

of the SAPG plant adopting different Solar Preheater operation strate-

gies is needed to be evaluated and compared. Also, whether there

are other possible Solar Preheater operation strategies is needed to be

identified.

Qin et al. identified three possible Solar Preheater operation strate-

gies, constant temperature strategy, high to low varying temperature (VT-

HL) strategy, and low to high varying temperature (VT-LH) strategy [49].

The CT strategy requires to adjust the extraction steam to displaced

points (point A and point B in Fig. 12) to maintain the feedwater outlet

temperatures (point 1 and point 2 in Fig. 12) unchanged. The VT-HL

strategy is to adjust the extraction steam flow rate at the highest tem-

perature/pressure stage (point A in Fig. 12) first, while maintaining the

mass flow rates at the rest stages (point B in Fig. 12) unchanged until

this stage if fully displaced. In contrast, the VT-LH strategy is to adjust

the extraction steam flow rate at the lowest temperature/pressure stage

(point B in Fig. 12) first. Comparing with three operation strategies, it

was found that Series configurations adopting CT strategy would have

best annual performance. However, the findings of this paper was only

for SAPG plants operated in PB mode.

5.2. Non-displaced feedwater heater operation strategies

Most studies of an SAPG plant are based on the assumption that so-

lar thermal energy is used to displace extraction steam to high tempera-

ture/pressure FWHs. In an RRC power plant, there are often multiple
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Fig. 11. A schematic diagram of an SAPG plant based on series configuration, which solar thermal energy is used to displace extraction to all high pres-

sure/temperature FWHs [62].

Fig. 12. A schematic diagram for demonstrating Solar Preheater operation strategies identified by Qin et al. Solar thermal energy is used to displace extraction steam

to FWH1 and FWH2, the method to adjust mass flow rate of extraction steam at point A and point B is termed as Solar Preheater operation strategy by Qin et al.

[49].

stages of extraction steam. In terms of the overloading of the steam

turbine after the displacement of extraction steam, solar thermal en-

ergy used to displace extraction steam to all high temperature/pressure

FWHs is the best option for an SAPG plant to achieve highest technical

returns with same solar thermal input [57]. Under this condition, the

mass flow rate of the extraction steam to all high temperature/pressure

FWHs should be decreased to respond to the solar thermal input. For

the low temperature/pressure FWHs, Qin et al. defined as Non-displaced

FWHs, which is shown in Fig. 13 [50].

The method to adjust extraction steam to these Non-displaced FWHs

is termed as Non-displaced FWH operation strategy [50]. Two Non-

displaced FWH operation strategies, constant temperature strategy and

constant mass flow rate (CM) strategy, have been identified by Qin et al.

[50]. The CT strategy requires adjusting the mass flow rate of extraction

steam to Non-displaced FWH (DEA, FWH5 to FWH8 in Fig. 13) to main-

tain the feedwater outlet temperature of each Non-displaced FWHs (i.e.

points 7 to 10 in Fig. 13) unchanged. While, the CM strategy does not

require to adjust the extraction steam flow rates (to the Non-displaced
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Fig. 13. A schematic diagram for demonstrating the Non-displaced FWHs, DEA, FWH5 and FWH8 are Non-displaced FWHs, and method to adjust the mass flow rate

of extraction steam at points D to H is termed as Non-displaced FWH operation strategy [50].

FWHs) at all by allowing the feedwater outlet temperature of each Non-

displaced FWHs (DEA, FWH5 to FWH8 in Fig. 12) to vary [50].

The Non-displaced FWH operation strategies of an SAPG plant have

been overlooked by most studies. Most studies have not defined or in-

dicated the Non-displaced FWH operation strategy that they adopted

clearly. Hou et al. [60] evaluated the performance of an SAPG plant

operated in FS mode based on the CT Non-displaced FWH operation

strategy. Hou et al. [60] pointed that the mass flow rate of the extrac-

tion steam to non-displaced FWHs would increase after the solar ther-

mal input, even for the SAPG plant operated in the FS mode. Yang et

al. [36]. evaluated the performance of an SAPG plant operated in PB

and FS modes based on the CM strategy. However, the impact of the

CT or CM Non-displaced operation strategies on the performance of an

SAPG plant and the comparison between two strategies have not been

analysed.

Qin et al. [50] evaluated the impact of the Non-displaced FWH opera-

tion strategies on an SAPG’s performance. The instantaneous and annual

performance of the SAPG plant adopting CT and CM operation strategies

with different solar collector areas have been evaluated and compared.

A 300 MW Rankine cycle power plant is used as case study. The annual

hourly solar radiation in three locations with different annual solar ra-

diation are used for simulation. It was found that generally, the SAPG

plant adopting the CT strategy produces higher annual solar power out-

put than that adopting with the CM strategy. The difference between the

SAPG plant with the CT and CM strategy decreases with the incremental

solar collector area. However, the SAPG plant adopting the CM strategy

could achieve higher annual solar power output, if the solar field area

is oversized and the plant is located in the high solar resources area. Al-

though Qin et al. analysed the influence of the Non-displaced operation

strategy on the SAPG plant’s performance, the assessment of this paper

is only based on the SAPG plant operated in PB mode. The impact on

the plant’s performance when the SAPG plant is operated in FS mode

has not been evaluated.

6. Energy analysis of the SAPG technology

The energy analysis of the SAPG technology, which is based on the

1st law of thermodynamics show that integrating solar thermal into the

RRC power plant would have impact on the whole plant’s efficiency.

However, results from early energy analysis varied a lot.

Some studies found that, after solar thermal input, the cycle effi-

ciency would be increased. Hu et al. evaluated an SAPG plant modified

from a 500 MW subcritical power plant [35]. It was found that when

the SAPG plant operated in the PB mode, the steam cycle efficiency

would increase 2.94%. Later, Suresh et al. also evaluated a 500 MW

SAPG plant, which the solar thermal energy is used to for fuel saving

purpose [74]. The results indicated that the cycle efficiency could in-

crease from 35.9% to 38.4%, increased by 2.5%. Bakos and Tsecheli-

dou found that up to 4% increase for the cycle efficiency of an SAPG

plant modified from a 300 MW power plant was possible [58]. Wang et

al. evaluated a 300 MW SAPG plant with different stages displacement

[75]. It was also found that the cycle efficiency increase from 2% to 4%.

For an 1320 MW power plant, this improvement for the cycle efficiency

increased to about 6% [76]. Ye et al. found that cycle efficiency improve-

ment for a 300 MW SAPG plant was higher than a 600 MW SAPG plant

[77]. Recently, some researchers found that when solar thermal energy

is used to displace extraction steam to all high pressure/temperature

FWH, the improvement of cycle efficiency can achieve to about 18%

[78], and to lowest pressure/temperature FWH, the improvement can

also achieve to 1.4% [79].

Above results are thought to be caused by the definition of the cycle

efficiency after solar thermal input. The cycle efficiency is defined as
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the ratio of power output to the thermal energy (from fuel) input in

the boiler. This means that the solar thermal energy, which resulted

extra power output or saved fuel consumption, had not been considered.

Therefore, the cycle efficiency would increase after solar thermal input.

However, with another definition of cycle efficiency that is the ra-

tio of power output to the total thermal energy inputs (i.e. both from

fuel and solar heat), the cycle efficiency of an SAPG plant would be de-

creased after the solar integration. Zhao et al. found that for a 600 MW

SAPG plant, the cycle efficiency would decrease from 41.3% to 39.3%,

dropping by about 2% [80]. Based on another 600 MW SAPG plant,

Zhai et al. got the conclusion that the integration of solar energy would

lead to the decrease of cycle efficiency from 47.7% to 46.3% [81]. For a

330 MW SAPG plant, the decrease of cycle efficiency is found to be about

1.8% [82]. Previous studies based on an assumption that solar thermal

energy is used to displace extraction to all high pressure/temperature

FWHs. For another study, Popov evaluate cycle efficiency of a 200 MW

SAPG plant, it was found that when the solar thermal energy is used

to displace high pressure/temperature FWHs, the cycle efficiency de-

creases by about 0.6% [57]. However, when the solar thermal energy

is used to displace low pressure/temperature FWHs, the cycle efficiency

decreases by about 2.6%. This means that displacement of low pres-

sure/temperature FWHs has higher influence than that of high pres-

sure/temperature FWHs.

Based on the 1st law evaluation, the results indicated that the tech-

nical performance of the SAPG technology is dependent on the displace-

ment method (i.e. which FWHs are displaced). Yan et al. [46,47], Yang

et al. [36] and Ye et al. [77] pointed that the displacement of the extrac-

tion steam to higher pressure/temperature stages leads to higher tech-

nical performance, in terms of solar to power efficiency, solar share,

increased power output in power boosting mode, or reduced coal con-

sumption in fuel saving mode.

However, it was found in some cases that complete displacement of

extraction steam to other extraction steam stages has highest increased

power output in power boosting mode, or reduced coal consumption in

fuel saving mode than that of the 1st i.e. the highest stage of extrac-

tion steam. Wang et al. found that displacement of extraction steam to

second stages produces highest extra power output [83]. Some other

studies found that this result also suit for the fuel saving mode [53,80].

Adibhatla et al. [84,85] and Patel et al. [86] found that displacement of

all low stages extraction steam would save more fuel than that displace-

ment of all high stages extraction steam. In another study, Suresh et al.

found that for a 500 MW SAPG plant, displacement of highest stage of

extraction team would have highest technical performance, while for a

660 MW SAPG plant, displacement of second stage is more beneficial

[74].

There might be two reasons for this result. The first reason may be

that for some power plants, the mass flow rate of extraction steam to

second stage or low stages is much higher than that other stages, which

have potential to produce more extra power output or reduce more fuel

consumption. The second reason may be that considering the boiler’s

off-design performance, the displacement of highest stages extraction

team leads to the change of steam flow rate in reheater [71], which

would make the boiler working at off-design condition.

An SAPG plant can be operated in the PB or FS mode. Studies use

different criteria to analyse the performance the SAPG plant operated in

the PB and FS modes.

When the SAPG plant was operated in the PB mode, in addition to the

economic criteria e.g. LCOE and payback time, Solar power output, Solar

to power efficiency, and solar share have often been used to evaluate the

SAPG plant’s performance. The solar power output of the SAPG plant

for PB mode is defined as the increased power output of steam turbine

after the solar integration [13]. The solar thermal to power efficiency

is defined as solar thermal output on the total solar thermal integration

[13]. For the solar share or solar contribution, there are two different

definitions. The first definition is defined as solar thermal input on the

boiler load of the plant [13]. Another definition is the ratio of solar

thermal input to the total plant thermal loads including boiler load and

solar thermal input [13].

There could be two solar thermal to power efficiencies for an SAPG

plant, the instantaneous solar thermal to power efficiency and annual

solar thermal to power efficiency. For the instantaneous solar thermal to

power efficiency, Yan et al. and Yang et al. [36,46,47] found that the dis-

placement of higher stages of extraction steam leads to higher instanta-

neous efficiency. Also, the higher capacity of SAPG plant leads to higher

instantaneous efficiency [87]. It was found that when the extraction

steam to all high pressure/temperature stages FWHs has been displaced,

the instantaneous efficiency ranges from 27% to 38% [35,69,88]. For

the annual solar to power efficiency, it was found that for an SAPG

plant with different solar collector area, there is an optimal annual solar

thermal to power efficiency existing [56]. The reason is that the annual

efficiency is limited by the mass flow rate of the displaced extraction

steam. It was also found that the track mode of the solar collector also

can influence the annual efficiency of the SAPG plant [68]. Beside this,

Ye et al. [77] and Yan et al. [47] pointed that the annual efficiency can

also be influenced by the capacity of the SAPG plant. It was found that

the annual efficiency for a 300 MW SAPG plant is higher than a 600 MW

SAPG plant.

For the solar share of the SAPG plant operated in the PB mode, it was

found that when solar thermal energy is used to displace extraction to

all high pressure stages FWHs, the annual solar share for an SAPG plant

modified from RRC plant with different capacity range from 4% to 20%,

which is dependent on the capacity of power plant [89,90]. Bakos et

al. [58] found that with same displacement selection, the annual solar

share of an SAPG plant modified from a 200 MW power plant can reach

to 7.9%.

Most of studies of the SAPG plant operated in the PB mode are based

on a single strategy to adjust the extraction steam. Recently, Qin et al.

found that the technical performance of the SAPG plant is also depen-

dent on the configuration of the SAPG plant and the strategies to adjust

the extraction steam [49,50,87,91]. The results found that with same an-

nual solar radiation, different strategies to adjust the extraction steam

leads to different annual technical performance.

When an SAPG plant was operated in the FS mode, the Saved fuel

consumption is the most widely used criterion to evaluate the perfor-

mance of the FS mode. Suresh et al. evaluated the SAPG plant modified

from a 500 MW subcritical and 660 MW supercritical power plant [74].

The results indicated that when all the extraction steam has been dis-

placed by the solar thermal energy, the instantaneous fuel consumption

reduction can achieve to 14% to 19%. Based on a 120 MW subcriti-

cal power plant, Suojanen et al. found that when the extraction steam

to all high pressure/temperature stages has been displaced, the peak

saved fuel consumption, i.e. instantaneous saved fuel consumption, can

achieve to 20% [65]. With the same displacement selection, it was found

that the annual fuel consumption reduction for an SAPG plant modified

from a 220 MW subcritical power plant can achieve to about 14% [76].

Adibhatla and Kaushik evaluated an SAPG plant based on a 500 MW

subcritical power plant [84,85]. It was found that displacement of sec-

ond stage of low pressure/temperature FWHs can achieve higher annual

saved fuel consumption than that displacement of first stage of low pres-

sure/temperature FWHs.

Besides the reduction of the fuel consumption, solar contribution is

another widely criterion for evaluation technical performance of the

SAPG plant in FS mode. Sahoo et al. [92] found that when all the extrac-

tion steam has been displaced, the peak solar contribution for an SAPG

plant based on a 5 MW biomass power plant can reach to about 80%.

The solar contribution in this study was defined as solar thermal input

in the total energy consumption including solar thermal integration and

boiler consumption. Zhu et al. [89,90] used five methods to evaluate the

solar contribution of the SAPG plant, which are taking solar heat as ba-

sis, variation of main steam as basis, coal consumption as basis, thermal

economics as basis and experimental efficiency curve as basis. It was

found that different method would lead to different solar contribution.
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In an SAPG plant operated in the FS mode, as the power output of

steam turbine remains unchanged, there is a challenge of how to define

the solar thermal output for FS mode. Therefore, the solar thermal to

power efficiency of the FS mode is still difficult to define. In studies by

Hou et al. [48,93,94] and Wu et al. [52,61], the solar to power effi-

ciency for the SAPG plant operated in the FS mode has been defined.

In their definition, the solar power output for the FS mode is the differ-

ence between the plant’s power output at a reduced boiler flow rate (in

FS mode) but without any solar input. This efficiency can reach to 24%

when all high pressure/temperature stages extraction steam has been

displaced.

In another paper, Hou et al. [94] defined a new criterion to calcu-

late the contribution of solar energy from exergy analysis. In this new

criterion, the FWH and corresponding stage steam turbine is defined as

a subsystem. The new definition of solar contribution is:
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where, m0 is the mass flow rate of main steam, esol is the solar exergy

absorbed by feedwater, 𝜂m is mechanical efficiency, 𝜂g is the genera-

tor efficiency, 𝑒
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proportion in work output. It was found that the solar contribution cal-

culated by new definition is lower than pervious definitions of Hou et

al. [48].

Li et al. in another paper proposed a new definition to calculate the

solar thermal to power efficiency for fuel saving mode, which is given

as [54,55]:

𝜂
𝑠𝑜𝑙𝑎𝑟

=
𝑃
𝑆𝐴𝐶𝐹𝑃𝑃

(
1 − 𝑄

𝑆𝐴𝐶𝐹𝑃𝑃

𝑄
𝐶𝐹𝑃𝑃

)

𝑄
𝑆𝑜𝑙

, (8)

where, PSACFPP is the total power output of the SAPG plant, QSACFPP is

the boiler capacity of the SAPG plant, QCFPP is the boiler capacity in

a stand-alone power plant with same main steam flow rate. Results in

Li et al. [54,55] indicated that the solar thermal to power efficiency

calculated by this definition ranged from 20% to 26%.

7. Exergy analysis of the SAPG technology

The exergy analysis of the SAPG technology, which is based on the

2rd law of thermodynamics show that integrating solar thermal into the

RRC power plant would have impact on exergy losses of power plant.

The SAPG plant can both reduce the exergy losses for the RRC power

plant and improve the exergy efficiency for the solar utilization. Also,

the SAPG plant has exergy-economic benefit than the RRC power plant

[95]. The exergy advantages of the SAPG technology come from the low

grade solar thermal energy used to displace the high grade extraction

steam of an RRC power plant [96,97]. The exergy advantages of the

SAPG plant over the stand alone solar thermal power plant comes from

the high boiler temperature of the RRC power plant and sensitive to the

energy level of the solar thermal energy [98].

By integrating solar thermal energy into the RRC power plant to pre-

heat the feedwater to boiler, it was found that the exergy losses RRC

power plant and solar field would be both reduced. Gupta et al. [99,100]

found that after the solar thermal input, the SAPG plant can help to re-

duce the exergy losses in the FWH as well. After the solar thermal in-

put, the exergy losses in the boiler, and condenser would be reduced

[101]. Peng et al. [88] found that the reduction of exergy losses for an

RRC power plant is possible for power plant with different capacities

of SAPG plants. Also, the exergy destruction of the SAPG plant is lower

than that of the stand-alone solar thermal power plant with the same

capacity [88]. However, it was also found that the exergy losses of the

SAPG plant is dependent on the power plant load and displacement se-

lection [77]. Zhai et al. evaluated the exergy performance based on an

SAPG plant modified from a 600 MW supercritical power plant [81,102].

The results indicated that the largest exergy loss for an RRC power plant

comes from the boiler. Without solar thermal input, the exergy loss from

boiler account for about 86% of the exergy loss for an RRC power plant.

After the solar thermal input, this percentage decrease to about 76%.

Besides the boiler, it was also found that the second largest exergy loss

for an SAPG plant occurs in the solar field [84,85]. Beside reduction the

exergy loss for the RRC power plant, the SAPG plant can still reduce

the exergy destruction of solar radiation exergy [73]. The reason is still

caused by the reduction of exergy destruction of the extraction steam.

Some studies also evaluated the exergy efficiency of SAPG plants.

Zhai et al. [81,102] found that the exergy efficiency for a 600 MW su-

percritical SAPG plant is about 45%, which is 3% lower than the RRC

plant’s exergy efficiency. The exergy efficiency of the SAPG plant in the

study by Zhai et al. was defined as:
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where, woutput is the total power output of steam turbine, Ecoal is the ex-

ergy of fuel, and Esolar is the exergy of solar thermal input. Zhao and

Bai evaluated the exergy efficiency of an SAPG plant modified from a

600 MW subcritical power plant [80]. The result indicated that the ex-

ergy efficiency of the SAPG plant was about 39% and the RRC cycle

exergy efficiency is about 40%. It was also found that with the increas-

ing in the load of the power plant, the exergy efficiency of the SAPG

plant would be increased. Compared with the stand alone solar thermal

power plant, Zhu et al. found that the exergy efficiency of a 100 MW

SAPG plant is about 1.8% higher than that of the stand-alone solar ther-

mal power plant with same capacity [103,104].

8. Economics of the SAPG technology

Evaluation criterion is important for the economics of the SAPG tech-

nology. Most studies used the LCOE as the economic criterion, when

designing an SAPG plant or comparing it with other power plants. An

SAPG plant can be operated in the PB or FS mode which leads to differ-

ent LCOE, it was found that the LCOE of an SAPG plant operated in the

PB mode is lower than that of the same plant operated in the FS mode

[58]. Comparing with the stand-alone solar power plant, the SAPG plant

operated both in the PB and FS mode would has lower LCOE than the

stand-alone solar power plant [23,88,105,106]. However, the LCOE for

an SAPG plant is higher than an RRC power plant if the same power

output has been generated [107], the increased LCOE is caused by the

capital cost of the solar field or heat exchangers.

The LCOE of an SAPG plant depends on many factors, such as an-

nual solar radiation [48], solar field area [108,109], solar multiple

[110,111], integration method [75,83], and heat exchanger area [112].

In studies by Hou et al. and Wu et al., it was found that there is an

optimal aperture area for an SAPG plant to achieve the lowest LCOE.

This optimal aperture area is dependent on the annual direct normal

irradiance (DNI) [48,82,60], solar storage capacity [52,53,61], and ca-

pacity of the power plant [71]. Zhao et al. pointed out that the SAPG

plant modified from RRC power plant with higher capacity can achieve

lower LCOE [110]. Later, Zhao et al. found that there is an optimal so-

lar multiple to achieve lowest LCOE and the government need to offer

feed-in-tariff for the SAPG plant [97,110,111,113]. Zhong et al. found

that there is a minimum LCOE for an SAPG plant with different SP heat

exchanger area [112].

Recently, it was found that the LCOE can also be influenced by some

financial factors. Wang et al. found that the Carbon tax still has impact

on the LCOE of the SAPG plant [75]. The LCOE of the SAPG plant with

CO2 capture is more sensitive with the variation of carbon tax than that

without the CO2 capture. In another study, Adibhatla et al. made a sen-

sitivity analysis to found out the sensitivity of the LCOE with variation

of discount rate, plant capacity and fuel cost [84].

Few studies looked into the capital cost of the SAPG plant closely,

however pointed that the investment costs for solar field and related

infrastructure are still high, but not prohibitive [31]. Comparing with
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the stand-alone solar power plant, investment cost of an SAPG plant is

about 25% lower than the same capacity stand-alone solar power plant

[114]. The solar multiple has an impact on the capital cost of the SAPG

plant, it was found that the capital cost increase with the incremental

in solar multiple [113].

There were also some studies evaluated the profitability of an SAPG

plant. Zhai et al. found that with different solar storage capacity, solar

field area, displacement options and plant capacity, an SAPG plant can

achieve different annual profitability, and there is an optimal condition

to achieve the highest annual profitability [63]. However, this study is

based on the SAPG plant operated in the FS mode only. Qin et al. pro-

posed an operation mode which mixes the PB and FS mode. It was found

that this mixed operation mode can achieve higher annual profitability

than single operation mode (i.e. PB or FS mode) [51].

9. Storage system used in the SAPG technology

In the early studies of the SAPG plant, Hu et al. pointed that the

solar thermal storage system is not necessary for an SAPG plant [22].

The reason is that the solar contribution and power demand are peak at

the same time. However, later studies still evaluated the benefit and the

function of the solar thermal storage system used in the SAPG plant.

Zhai et al. [64] discussed whether the storage system is needed for

an SAPG plant and evaluated the relevant storage capacity. In this study,

a concept named coal saving in solar unit investment per hour has been

proposed as the evaluation criteria. This criteria is defined as the an-

nual amount of saved coal consumption per investment for solar col-

lectors. The results indicate that the thermal storage system can help

to reduce the coal consumption of the SAPG plant. However, with a

given storage capacity, there is a maximum value for the coal saving

in solar unit investment per hour with different solar collectors area. In

other studies, Zhai et al. pointed that the storage system can help to im-

prove the annual saved fuel consumption per solar collector investment

[63,115,116].

Wu et al. [61] discussed an SAPG plant with a storage system. The

results indicated that there is a threshold aperture area for an SAPG

plant with storage system. When the solar field aperture area is larger

than the threshold aperture area, the SAPG plant with different storage

capacity has same technical performance. From economic point of view,

the SAPG plant with thermal energy storage capacity at 0.5 h has lowest

LCOE. Later, Wu et al. [52] pointed that the solar thermal storage system

can not only be used to increase the annual solar generation but also im-

prove the annual solar to electricity efficiency. However, the optimised

capacity of the solar thermal storage system is determined by the cost

of the solar field and the storage system. A balance point is proposed by

Wu et al. to determine on the conditions to set a storage system.

In an SAPG plant, there is maximum value of solar thermal input ex-

isting, which is the amount of solar thermal energy input is just enough

to displace all extraction steams. For SAPG plants without storage sys-

tem, if the solar thermal input was greater than the maximum value

of solar thermal input, the extra solar thermal energy would have to

be dumped. For SAPG plants with a storage system, the storage system

could be used to store the extra solar thermal energy. Therefore, that the

storage system can help to increase the annual saved fuel consumption

or annual power output of the SAPG plant [61].

10. Summary and further research on SAPG

This paper reviews the researches on the Solar Aided Power Gen-

eration (SAPG) technology and plants. An SAPG plant is a solar hy-

brid power system in which low grade solar thermal energy is used

to displace the high grade heat of the extraction steam in a regen-

erative Rankine cycle (RRC) power plant. In such a SAPG plant, the

solar thermal energy carried by the heat transfer fluid (HTF) is inte-

grated into the RRC power plant to preheat the feedwater to the boiler.

The heat of the extraction steam which is bled from the steam tur-

bine to preheat the feedwater is displaced by the solar thermal energy.

The displaced extraction steam is then expended further in the steam

turbine.

The studies of the SAPG plant mainly focused on identifying the tech-

nical and economic advantages of the SAPG plant over other power gen-

eration technologies (e.g. solar alone power generation), designing and

optimising the design of the SAPG plant. Recently, a few studies refer

to the plant configuration, especially the arrangement to connect the

solar field and the RRC power plant, and the operation of the SAPG

plant. While the potential benefits of the SAPG technology are sig-

nificant, there is no operating SAPG plants existing in the world yet.

Further research and technology development regarding SAPG are still

required:

• The different strategies to adjust the extraction steam’s flow rate

have great impact on the SAPG plant’s performance. The plant’s per-

formance is also influenced by the plant’s configuration to connect

the solar field and the RRC power plant. However, most previous

studies did not mention the operation strategies and configurations

they adopted. Further studies for the SAPG plant is to deeply assess

the influence of different operation strategies and configuration on

SAPG plant’s performance. Also, whether there are other configura-

tions and operation strategies for the SAPG plant is still needed to

be demonstrated.

• An SAPG plant can be operated in Power Boosting (PB) or Fuel Sav-

ing (FS) modes. As the SAPG plant is operated under variable elec-

tricity on-grid tariffs and fuel prices, an SAPG plant operated in PB

or FS modes for a whole year would achieve a different annual prof-

itability. Mixing the PB and FS modes may achieve greater annual

economic returns for the SAPG plant. However, previous studies are

based on a single mode of operation, the knowledge of how to switch

between PB and FS modes to achieve greater annual economic re-

turns is lack of study.

• In an SAPG plant, the RRC plant i.e. the boiler, steam turbine, con-

denser and FWH system, is actually operated under off-design con-

ditions when the solar thermal energy is integrated into the plant.

The simulation models of most existing studies only consider the

off-design condition for the steam turbine. Few previous studies con-

sidered the off-design condition for both the steam turbine and the

boiler. In addition, the off-design condition for the condenser has not

been considered at all in previous studies. A simulation model com-

prising off-design condition for the boiler, steam turbine, condenser

and FWH system could help to evaluate an SAPG plant’s performance

more accurately.

• One of advantages of an SAPG plant is that the thermal storage is

not necessary, as the coal (or other fuel) in the RCC plant is actu-

ally the storage to ensure the plant power output steady all the time.

However, as solar radiation varies all the time, from the practical

control/operation of an SAPG plant point of view, it is necessary for

an SAPG plant to have “buffer tanks”. Buffer tanks are storage tanks

for HTF, which are used to store enough hot THF to make the SAPPG

plant run steadily for a time interval eg. 1 h in order to avoid too

frequent control/adjust of valves in the plant. In other words, only

one adjustment/control every time interval is required, even solar

radiation may vary continuously. The function of the “buffer tanks”

is different from storage tanks that are to store extra/surplus solar

energy to be used when there is no or less solar available and require

to have enlarged solar field to produce the extra/surplus solar heat.

The buffer tanks however are to be used to stabilize the plant op-

eration i.e. reduce the operation of valve or (steam) flows control if

solar radiant keeps varying. The concept of the buffer tanks has been

proposed by the authors, but no further study has been undertaken

yet.

• Daily start-up and shut-down process is necessary for the opera-

tion of an SAPG plant. However, these processes have never been

simulated before and thus their impact on SAPG plant performance

remain unknown. Therefore, a dynamic simulation model which can
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evaluate the start-up and shut-down process for the SAPG plant is

required. With this model, the true benefits of the SAPG technology

and the start-up and shut-down losses can be assessed.
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This paper analyzes the effect of the depth of submetering (i.e., from whole-building level to system level to

equipment level and further to sensor level) on the energy savings that can be achieved in energy analytics or

energy information system (EIS) implementations. An EIS is defined as a combination of software and hardware

systems that gather energy-related data, feed it into an analytics engine, and present building operators with

analyses that allow them to reduce energy consumption. Data regarding the energy savings, the depth of sub-

metering in the EIS implementation, and the cost of submetering was gathered for 21 case (building portfolio)

studies and analyzed to determine if there is a relationship between the depth of submetering and the energy

savings achieved. It was found that in general, deeper submetering does in fact appear to enable deeper energy

savings. The one exception to this is sensor-level data: the addition of detailed sensor level metering to other

higher levels of metering data does not seem to enable deeper energy savings in EIS implementations. Detailed

findings in energy savings, cost and cost-effectiveness were presented for different levels of metering that may

provide insightful rule-of-thumb estimations for similar implementations.

1. Introduction

A couple of areas outside the scope of traditional approaches (e.g.,

via building standards and regulations) to saving energy in buildings

include modifying occupant behavior, optimizing building operations

and maintenance, and using energy data in combination with analytics

engines to uncover inefficiencies that may not be apparent to the naked

eye. These new strategies are being explored by utilities, corporate en-

ergy managers, and energy efficiency advocates alike in an attempt to

maximize energy savings.

The fact that occupant behavior affects energy use in buildings is well

documented [1,2,3]. Occupants that are more aware of their energy use

tend to turn off unneeded lights, be more conscientious about their use

of mechanical cooling and heating systems, unplug unused appliances to

eliminate phantom loads, and generally try to conserve energy. There

are a number of different mechanisms that can incite energy efficient

behavior. One that has been used by utilities for many years is educating

building occupants and providing tips on how to reduce energy use.

In addition to changing occupant behavior, optimizing operations

and maintenance in commercial buildings can help to lower energy use.

Many commercial buildings have automated controls and schedules in

place for when different pieces of equipment should be operating. A few

of more obvious examples include schedules or occupancy controls for

lighting and ventilation. Given the complexity of a commercial building

∗
Corresponding author.

E-mail address: john.zhai@colorado.edu (Z. (John) Zhai).

and its control systems, it is no wonder that these systems do not always

function as intended. Commissioning is the process of ensuring that

all controls and equipment in a new commercial building operate as

intended. Re-commissioning is the process of commissioning a building

that has already been commissioned before to make sure that equip-

ment and controls are still operating as they should. The performance

of equipment and controls tends to worsen, or “drift”, over time, so it

is important to re-commission a building with some regularity. Retro-

commissioning is simply commissioning an older building that has

never been commissioned before. A 2009 study of 643 buildings across

26 U.S. states showed that re-/retro-commissioning of existing buildings

resulted in a median whole-building energy savings of 16% [4].

Given the substantial savings associated with commissioning, some

energy professionals have started to consider the idea of continuous

commissioning using monitoring devices in order to get even deeper

savings [5]. At the same time, the falling costs of computing power and

data storage mean that “big data” is starting to permeate every facet of

modern life – including energy consumption [6]. At the crossroads of

these two emerging trends lies energy analytics.

2. Overview of energy analytics

Energy analytics refers to the software and hardware systems that

gather energy-related data, feed it into an analytics engine, and present
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building operators with analyses that allow them to reduce energy con-

sumption. These tools use benchmarking, normalization, year-over-year

energy usage comparisons, and anomaly detection to uncover inefficien-

cies that can be difficult to find otherwise [7]. In addition to these anal-

yses, energy analytics tools provide energy use feedback to building op-

erators – thus potentially enabling behavior change. Moreover, energy

analytics tools enable the continual optimization of facility operations

and maintenance. This variety of capabilities makes energy analytics a

comprehensive tool that enables savings from equipment upgrades, be-

havior change, and the optimization of operations and maintenance.

Vendors of energy analytics tools claim they enable up to 30% whole-

building energy reductions [8]. In theory, this seems plausible given

the documented savings from commissioning and energy use feedback

programs. Scientifically verifying these energy savings claims is com-

plicated by the fact that an energy analytics platform is a “human in

the loop” process tool as opposed to a widget or piece of equipment.

Merely deploying an energy analytics tool in a facility does not gener-

ate any energy savings. A facility or energy manager must act on the

information provided by the energy analytics tool in order to reduce en-

ergy consumption. Because of this, the main approach that researchers

are investigating the energy savings enabled by these tools has been via

case studies. Lawrence Berkeley National Laboratory (LBNL) has docu-

mented energy analytics-enabled savings of up to 36% in specific imple-

mentations [9].

Verifying the potential of these tools to enable energy savings is only

the first step in facilitating the commercialization of this technology.

The next step is to assess the cost-effectiveness of these tools. A number

of different factors influence the cost-effectiveness of energy analytics

platforms (e.g., IMDS, EEM Suite, and NorthWrite Energy WorkSite).

Prices for the tools themselves varies amongst vendors. One could expect

that more complex tools would be more expensive but market factors

will also have an effect. The depth of submetering and complexity of the

hardware installation will influence the overall implementation cost.

The savings that can be enabled by energy analytics will depend on

building type and vintage, the complexity of equipment and processes

within the facility, the ability of users to act on the information provided

by the tool, the previous energy performance of the building, and the

amount of “real” or submetered data provided to the analytics engine.

Determining how the costs of implementing these tools measure up to

the savings they enable will help to build the business case for their

adoption.

The depth of submetering affects both the costs and benefits of en-

ergy analytics implementations. Providing the software with more ac-

tual data will, in theory, allow the tool to do deeper analyses, thus en-

abling greater energy savings. On the cost side, more monitoring and

metering makes the initial investment larger. One of the keys to a cost-

effective implementation is to strike a balance between providing highly

accurate data to the analytics engine (more submeters) and keeping

costs down (less submeters) [10]. It is the aim of this work to corre-

late the depth of submetering with energy savings and implementation

costs.

3. Literature review

3.1. Energy analytics

3.1.1. Savings enabled by energy analytics platforms

Previous research has looked at the energy savings potential of en-

ergy analytics tools. Case studies provide most of the currently available

data on the energy savings enabled by energy analytics. LBNL is at the

forefront of investigating the energy savings potential of what they call

energy information systems (EIS). Smothers and Kinney [11] indicated

that the implementation of an LBNL-developed EIS, known as the Infor-

mation Monitoring and Diagnostics System (IMDS), in a California office

building enabled a 12% reduction in electricity use and a 19% reduc-

tion in natural gas use. Motegi et al. [12] found that the University of

California, Santa Barbara saw a 13.8% reduction in summer electricity

usage after the installation of McKinstry’s EEM Suite. Mills and Mathew

[5] found an average source energy reduction of 10% for 24 University

of California and California State University buildings participating in

a monitoring-based commissioning program. Particularly, the Univer-

sity of California, Merced observed a 30% reduction in average daily

gas use. Another LBNL study revealed that Sysco used NorthWrite’s En-

ergy WorkSite to enable an 18% reduction in portfolio energy use and a

36% reduction at one high performing site [9]. Table 1 summarizes the

energy impacts of some of these case studies.

3.1.2. Costs of energy analytics platforms

The cost to implement an energy analytics platform is a moving tar-

get. The market is experiencing a constant deluge of new products. Big

players in the automation world are buying up energy data-mining star-

tups with nascent energy analytics offerings. As smaller companies build

out their customer bases and standardize their offerings, costs will de-

crease. The prices for these systems usually are not publicly available.

Even when pricing is available, implementations can vary significantly

from one site to the next due to substantial customization – making costs

difficult to compare across sites. Matters are further complicated by the

fact that EIS vendors use a variety of business models to recover their

costs [9]. Motegi et al. [7] characterized 20 different EIS products and

provided generic pricing information for 6 of them. Of those 6 products,

only half can be traced to a product being offered on the market today

(often by a different company than in 2003) – an indication of the how

rapidly the energy analytics industry is changing.

It is usually more meaningful to provide the costs for energy analyt-

ics platforms on a case-by-case basis and then compare them to energy

cost savings, when available. Several studies mentioned in the section

above on energy savings from energy analytics platforms also provide

information on the costs associated with specific implementations as

listed in Table 1.

3.1.3. Cost-effectiveness of energy analytics

The return on investment for two of the implementations discussed

above is explicitly addressed by LBNL researchers. A rough estimate of

simple payback can be calculated for one additional case study given the

costs of the implementation and the energy cost savings. For the three

implementations in Table 1, the simple payback ranges from almost 3.5

years to a little over 1 year. These findings are promising given the

fact that energy analytics is often considered a “soft” energy efficiency

measure due to its heavy dependence on human actions and behaviors.

The cost-effectiveness of any energy efficiency measure is of the ut-

most importance to facility managers, building operators, and energy

engineers working on reducing their facility or portfolio-level energy

costs. Although promising, the findings above may not represent a ro-

bust data set that a facility manager would feel comfortable using to

build the business case for an energy analytics implementation. Amongst

respondents, the average maximum simple payback period for energy ef-

ficiency projects was 4 years – a tight window in the realm of energy

efficiency projects.

3.2. Submetering

3.2.1. Energy savings enabled by submetering

The Energy Policy Act of 2005 mandated that all US federal build-

ings, for the purposes of efficient use of energy and reduction in the

cost of electricity, be submetered by October of 2012 with a metering

guidance updated in 2014 [13]. The U.S. Department of Energy states

that metering programs are estimated to generate energy savings of 1 to

20% [14]. The Hoechst Celanese Corp saw a 2–3% reduction in energy

use after implementing a submetering system. This initial reduction was

due to increased awareness of energy consumption and employees turn-

ing off lights and equipment when not needed. They saw an additional

3% reduction once manufacturing superintendents used the submeter
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Table 2

Energy savings, costs and cost-effectiveness of submetering for selected case studies.

Report Site Energy impact Submetering cost Cost-effectiveness

Howe and Stebbins [15] Hoechst Celanese Corp 5% overall reduction – –

Howe and Stebbins [15] de Havilland, Inc. aircraft plant

- Ontario

Estimated $35,000 in savings per

year

$70,000 Estimated 2 year simple payback

Krepchin [27] Roche - Palo Alto $200,000 in savings per yr $250,000 Estimated 1.25 year simple payback

Holdren at al. [24] Adobe Systems Inc. $1,000,000 in savings per yr $19,969 Average 10 month simple payback

when net costs of retrofits are

included

Holdren at al. [24] Bank of America - San

Francisco

30% per year – Less than 1 year simple payback

Keller and Lu [25] Unilever Bestfoods - Ontario 24% reduction in electricity

consumption

$20,000 –

Kolwey [26] Boeing - Auburn site 22% overall reduction – 3.5 year simple payback

data to identify energy efficiency measures [15]. Literature on subme-

tering is full of case studies documenting the energy savings achieved

by organizations implementing submetering in their facilities as partly

summarized in Table 2.

3.2.2. Costs of submetering

While the list price for a particular submeter is not hard to come by,

it is not very meaningful. Energy consumption reductions are enabled

by the purchase and installation of a number of submeters in addition

to the modification of mechanical systems to accommodate submeter-

ing. At Yale University, half of the costs to implement a submetering

system were for modifying mechanical systems to allow for the subme-

tering of water, power, gas, chilled water, and steam condensate. This

shows that the costs that should be considered when evaluating the cost-

effectiveness of submetering are the total installed costs of the entire

system.

While the U.S. Department of Energy states that the installed cost

of an electricity meter ranges from $1500–$5000, in their 2011 Federal

Energy Management Program Metering Best Practices Guide [14], me-

tering costs have dropped in recent years. Additionally, the installation

of one submeter is unlikely to enable significant energy savings, so it

is more useful to consider the costs of a particular submetering system

implementation and compare them to the energy cost savings achieved,

when available. A number of the reports listed in Table 2 also included

the cost of submetering for some case studies.

3.2.3. Cost-effectiveness of submetering

The depth of submetering is one determining factor in the level of

energy savings that can be achieved by a submetering or energy ana-

lytics implementation. At the same time, it is rarely practical or cost

effective to submeter every single load within a facility [16]. For this

reason it is useful to look at the cost-effectiveness of submetering imple-

mentations relative to the depth of submetering in order to determine

what the optimal level of submetering might be for a particular facility

type. The cost-effectiveness of submetering is reported for five of the

case studies in Table 2. Unfortunately, the depth of submetering is not

documented for any of the case studies presented in Table 2. So while it

can be seen that implementing a submetering system can have a simple

payback period of 3.5 years to a matter of months, there is no data to

help refine what the optimal level of submetering might be.

3.3. Submetering in energy analytics implementations

The fact that the depth of submetering in an EIS implementation will

affect the level of energy savings enabled is referenced in a number of

studies. Kircher et al. [16] suggested using a ranking system to priori-

tize which loads are submetered in an EIS implementation. Beyond this

advice no research exists that attempts to quantify the depth of sub-

metering in energy analytics implementations. Data from the previous

studies was compiled into a single table (Table 3) to explore if there is

an obvious correlation between the money spent on submetering and

monitoring in an EIS implementation and the level of energy savings

achieved.

While the case study with the most money spent on submetering

(University of California, Santa Barbara) may have seen the biggest an-

nual cost savings, it is clear that these data do not provide for an “apples

to apples” comparison. Some of the inconsistencies in the data include

the University of California, Santa Barbara reported energy impacts for

the summer season instead of the entire year; and not all savings met-

rics were obtained for all sites. Additionally, submetering costs are not

necessarily a good indicator of the level of submetering. It may be the

case that the University of California, Santa Barbara had very sparse

submetering to begin with compared to the other two sites.

While there are no data that quantifies the relationship of depth

of submetering to the energy savings, submeter and sensor data has

been essential in identifying energy efficiency opportunities in a num-

ber of case studies. For example, in one monitoring-based commission-

ing project, system-level data showed that a preheat valve cycled every

15 min between 75% open and fully closed. This resulted in varying

heating supply air temperature that made controlling space tempera-

tures difficult and had the potential to cause unnecessary heating [5].

In another instance, central steam plant-level data supplied to an energy

analytics platform at the University of California at Merced revealed that

the plant was operating at a non-zero pressure at night thereby consum-

ing excess natural gas. Fixing this issue alone resulted in an approximate

$4500 savings per month [9].

Case studies are insightful, but building a robust business case for

energy analytics implementations and the optimal depth of submetering

requires more data. While researchers have looked at both the costs

and benefits of energy analytics and submetering, data correlating the

depth of submetering in energy analytics implementations to the energy

savings enabled is virtually non-existent. It is clear that more data on this

issue is needed in order to help build the business case for the adoption

of energy analytics and identify an optimal level of submetering in these

implementations.

4. Survey approach and energy analytics

This work was done in collaboration with LBNL who recruited 25–30

participants from organizations that have implemented an EIS. Partici-

pants represent a wide variety of commercial sectors, climates, and EISs.

Participants were asked a series of questions in order to assess the depth

of submetering, the costs of the EIS implementation, and the energy

benefits accrued. Each participant was asked to provide with a detailed

accounting of the costs to implement their EIS. Meter and sensor costs

were specifically requested. Researchers asked participants to character-

ize the depth and benefits of submetering in their EIS implementation

according to the provided guidelines [17]. Participants were also asked

to provide year-over-year energy consumption and utility cost trends

with an accounting of major capital projects, retrofits, or other energy
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Table 3

Energy impacts and submetering costs for selected EIS implementations.

Study Site EIS Submetering

costs

Annual cost

savings

Electricity savings Natural gas

savings

Demand

reduction

Source energy

savings

Smothers and Kinney

[11]

160 Sansome – San

Francisco Office Building

IMDS $41,500 $40,000 12% 19% – –

Motegi et al. [12] University of California,

Santa Barbara

EEM Suite $50,000 $295,000 13.8% - summer 10% - summer 16% - summer –

Mills and Mathew

[5]

24 buildings on University

of California & California

State University campuses

– $48,333 $0.25/sq-ft 9% – 4% 10%

efficiency projects. This study conducts a systematic analyses on the

complete data set related to the depth of submetering and the savings

enabled with an aim to find correlations between the two.

Energy analytics platforms enable a wide array of data visualization

and analysis capabilities to help users better understand and ultimately

lower their facilities’ energy use. Characterizing the functionality of var-

ious energy analytics offerings was a major part of LBNL’s 2009 research,

which characterized 28 different tools [9]. A tool agnostic publication,

Energy Information Handbook by LBNL [18] presents 18 energy data

analysis methods, many of which are/can be done using energy infor-

mation systems. While a number of analyses can be performed using

whole-building energy consumption data only, the number and types of

analyses that can be performed increases with more granular data (i.e.,

from whole-building level to system level to equipment level and further

to sensor level).

5. Survey data analysis and results

5.1. Calculation of energy savings

Determining how to calculate energy savings for the case studies

was not trivial. There are many factors to consider such as weather nor-

malization of energy consumption, the use of site versus portfolio-level

energy data, the use of data from specific years pre- and post- EIS im-

plementation versus multiple year averages. The sections below explain

how energy savings were calculated.

5.1.1. Site versus portfolio-level data

The survey data collected consists of information from 21 building

portfolios, each of which is managed by one organization and is com-

prised of 1 to over 1000 buildings in different locations. In addition to

this information, data on 27 specific sites within those 21 portfolios was

gathered. Table 4 provides general building portfolio information for

the survey participants. Site-level data can be weather normalized and

presents concise information from one particular implementation where

savings from one site are not canceled out by an increase in energy con-

sumption at another. However, portfolio-level data represents a larger

number of buildings, thus making the data more robust. For this reason

only portfolio-level data were considered in this analysis.

Averaging the savings from groups of portfolios with similar levels

of submetering is an essential part of the analysis that follows. Taking

a straight average of the savings from different portfolios of different

sizes does not fairly represent the fact that one portfolio may consist

of 1000 buildings while another may consist of only few. To account

for varying portfolio sizes, a weighted average where the savings from

each portfolio is weighted by the number of buildings in that portfolio

is more appropriate. Throughout the remainder of this analysis, average

energy savings across multiple portfolios will be a weighted average.

5.1.2. Weather normalization

Weather normalization is a process by which the effect of weather

on energy consumption is quantified and accounted for. Methodologies

range from annual ratio-based comparisons to hourly data regression

analysis and building modeling [19]. The more granular the data used in

the normalization, the more accurate the results [20]. ASHRAE Guide-

line 14-2002 recommends that for projects where whole-building en-

ergy data is being used to determine energy savings, statistical analyses

that correlate energy consumption to weather conditions, occupancy,

and other appropriate independent variables be used [21]. The Inter-

national Performance Measurement and Verification Protocol provides

similar recommendations [22].

In order to perform the kinds of statistical analyses discussed in these

two documents, monthly energy consumption data are required (at min-

imum). The only data provided by survey participants in this project,

however, is year-over-year whole-building energy consumption. More-

over, the majority of the portfolios are spread across various locations

making site-specific heating degree-day and cooling degree-day ratio-

based weather normalization impossible. A simpler, though less accu-

rate, way to do weather normalization is to use multiple year average

energy consumption data. This is the method that was applied to the

portfolio-level data gathered.

5.1.3. Energy savings metric definition

Given the need to take multiple year averages in order to best elimi-

nate the effects of weather, the energy savings for a specific portfolio is

defined as the difference between the average total energy use intensity

for all years before the EIS installation and the average total energy use

intensity for all years after the EIS installation. This definition is shown

below:

Energy Savings = EUIAveBeforeEISInstallation − EUIAveAfterEISInstallation (1)

5.2. Effects of different levels of metering on energy savings

5.2.1. Whole-building metering

While many buildings do have whole-building meters for utility

billing purposes, not all do (consider a university or hospital campus

with aggregate billing) nor do all buildings that have whole-building

meters have all fuels (e.g., gas and electricity) metered at the whole-

building level. EIS implementations require at least one data input, so

there are no cases where there is no metering. Therefore it is impossible

to compare cases with no metering at any level to cases with only whole-

building metering. However, there are cases with only some fuels me-

tered at the whole-building level as well as cases with all fuels metered

at the whole-building level and no deeper submetering. Portfolio-level

weighted averages show that having all fuels metered only at the whole-

building level comparing to those with only some fuels metered corre-

sponds to an increase in savings of about 14%. The average for buildings

with only some fuels metered at the whole-building level corresponds

to only one data point (one portfolio), but this portfolio consists of 64

buildings making the comparison still valuable.

5.2.2. System-level metering

Given the fact that having access to system-level meter data al-

lows energy managers and facilities engineers to perform additional

energy data analyses, it would seem that adding this level of subme-

tering to whole-building metering would enable greater energy savings.
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Table 4

Survey building portfolio information.

Case Number of buildings Sector Location

A – Portfolio 4 Office Various

C – Portfolio 64 Education Various

D – Portfolio 1 50% Office 50% animal habitat Woodbridge, ON, CA

E – Portfolio >1000 Grocery Various

F – Portfolio 2 Hospital Various across OR

G – Portfolio 70 Higher education Various

H – Portfolio 120 Primarily office but also includes correctional facility, data center, auto

service garage, parking structures, healthcare, mental health inpatient

Various

I – Portfolio 80 Office Various

J – Portfolio 2 Office Washington, D.C., USA

K – Portfolio 100 Higher education Various

L – Portfolio 2 Office Various

M – Portfolio 1 Museum Jersey City, NJ, USA

N – Portfolio 6 Hospital Various

O – Portfolio 2 Office Hauppauge, NY, USA

P – Portfolio 3 Office Various

Q – Portfolio 1 Education San Ramon, CA, USA

R – Portfolio 1 Office/Laboratory Redmond, WA, USA

S – Portfolio 348 Retail Various

T – Portfolio 1 Office New York City, NY, USA

U – Portfolio 1 Hospital Pittsburgh, PA, USA

V – Portfolio 59 Grocery Various

Fig. 1. Portfolio weighted average savings for portfolios with whole-building metering (red) vs whole-building and system-level metering (blue) [left] and with

whole-building and system-level metering (red) vs whole-building, system and equipment-level metering (blue) [right] (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.).

Portfolio-level weighted averages in Fig. 1 verifies that adding system-

level metering to whole-building metering corresponds to an increase in

energy savings of approximately 13%.

5.2.3. Equipment-level metering

Adding equipment-level metering to system and whole-building level

metering enables energy managers and facilities engineers to perform

more and deeper energy data analyses. Hence, it would seem that adding

equipment-level metering to system and whole-building metering would

correspond to an increase in energy savings. Portfolio-level weighted av-

erages show that adding equipment-level metering to system and whole-

building metering corresponds to an increase in energy savings of ap-

proximately 4% (Fig. 1).

5.2.4. Sensor-level metering

Adding sensor-level data to the analyses that can be done with whole-

building, system and equipment-level data can make the analyses more

accurate as well as help energy managers to more easily identify sources

of energy waste. However, the portfolio-level data does not show an

increase in energy savings when sensor-level data are added to whole-

building, system, and equipment-level metering data. It is worth not-

ing that the average for portfolios with sensors represents two data

points and only two buildings (each is a “portfolio” of one building).

Perhaps having data from more buildings with sensor-level metering

might change the result.

5.3. Effect of integrating BAS into EIS implementation on energy savings

Some of the cases in the dataset have their building automation sys-

tem (BAS) points integrated into their EIS implementations. These cases

have far greater amounts of data being fed into the EIS than the oth-

ers. It seems plausible that having access to all this data might enable

greater energy savings. As verified in Fig. 2, portfolio-level weighted av-

erages show that adding BAS points to sensor, equipment, system and

whole-building metering corresponds to an increase in energy savings

of approximately 20%. The average for buildings with their BAS points

integrated into their EIS implementations corresponds to only one data

point (one portfolio), but this portfolio consists of 100 buildings making

the comparison still valuable.

5.4. Effect of submetering specific pieces of equipment on energy savings

Some respondents to the survey on depth of submetering provided

only “yes” and “no” answers to the questions regarding whole-building

metering, system-level metering, etc., while others provided explana-

tory details. For example, one respondent answered “Yes – chillers” to
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Fig. 2. Portfolio weighted average savings for portfolios without BSA integra-

tion (red) vs with BAS integration. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

the question on system-level metering of electricity. A number of re-

spondents indicated that their chillers and their lighting systems were

submetered. It is interesting to explore if the portfolios where the sub-

metering of chillers and lighting was specifically called out have greater

savings than those not.

5.4.1. Chiller metering

It appears that the portfolios with their chillers submetered can save

up to 1% more than those that do not submeter their chillers (Fig. 3).

Note that the average for buildings without chiller submetering corre-

sponds to only one data point (one portfolio). However, this portfolio

represents 4 buildings making the comparison still valuable.

5.4.2. Lighting system metering

The portfolio where lighting is submetered can save up to 7% more

than those portfolios without lighting system submetering (Fig. 3).

5.5. The cost effectiveness of deeper submetering

The analyses above demonstrate that with the exception of sensors,

deeper submetering can result in increased savings at each level of me-

tering (i.e., whole-building, system, equipment level). The next question

is how much more it costs to implement deeper submetering. It is useful

to compare the extra cost of additional submetering to the additional

cost savings achieved (as opposed to percent energy savings) in order to

get a sense for the cost effectiveness of deeper submetering.

5.5.1. Determining the cost of submetering

All the survey respondents provided upfront costs of the hardware

components of their EIS implementations. The majority of these compo-

nents are some type of metering device. Hardware components include

meters, sensors, pulse output devices, pulse output collection devices,

data loggers, gateways, servers, current transformers, and modems.

Given that most of these devices are installed for the purpose of col-

lecting and storing data, these costs (including installation) are consid-

ered to be the cost of submetering for each case. In order to be able to

compare costs from one portfolio to another, they were normalized by

square footage.

5.5.2. Determining cost savings

Some, though not all, of the survey respondents provided energy

cost intensity values in dollars per square foot for the periods before

and after the EIS implementation. While this can be useful data when

looking at one specific case, there are some issues with using this data

to compare one case to another. First of all, these numbers will include

rate increases. It is entirely possible that a rate increase could result in a

portfolio that has saved energy from their EIS implementation not saving

any money. Secondly, in many cases rates from different regions are not

comparable. A portfolio with small energy savings could benefit from

large cost savings if their energy prices are particularly high. Conversely,

a portfolio with large energy savings might see small cost savings if

their energy prices are low. This variability in energy prices means that

comparing cost savings across portfolios can be more of an exercise in

comparing regional energy prices than comparing a normalized dollar

value of energy savings.

Due to these issues as well as the fact that not all portfolios provided

cost savings values, a general rule of thumb was used to estimate cost

savings for each of the portfolios. Granderson and Lin [23] found that

the median energy savings across portfolios in this data set was 8%,

and the median cost savings across portfolios was found to be $0.40 per

square foot. It was assumed that cost savings and energy savings have a

linear relationship and that 8% energy savings results in cost savings of

$0.40 per square foot. The energy savings for each of the portfolios was

converted to a cost savings value using a conversion factor of
$; 0.40∕𝑠𝑓

8% .

5.5.3. The cost effectiveness of metering all fuels at the whole-building level

As can be seen in Table 5, it costs $0.15 more per square foot (1

square foot = 0.1 m
2
) to meter all fuels at the whole-building level than

to meter only some. For that extra cost, portfolios can achieve an ad-

ditional $0.72 per square foot in savings. The portfolios with all fuels

metered at the whole-building level have only been using their EISs for

1 year. This means that the simple payback for metering all fuels at the

whole-building level is at most 1 year. Note that this payback period is

only for the cost of the additional submetering hardware and not the

software or the energy efficiency project costs. Although the averages

for buildings with only some fuels metered at the whole-building level

corresponds to only one data point (one portfolio), this portfolio consists

of 64 buildings making the comparisons still valuable.

5.5.4. The cost effectiveness of submetering down to the system level

Portfolios with some or all fuels metered at the whole-building level

spent less on metering than those that had system-level and whole-

building metering. This finding doesn’t make sense intuitively. How-

ever, the portfolios with system-level metering may have selected more

inexpensive metering equipment or may have been able to obtain me-

tering equipment at a discount from their utilities. Portfolios with the

added layer of system-level metering saved approximately $0.66 more

per square foot than portfolios without system-level metering. Certainly

if adding system-level metering has no additional cost, then all energy

managers implementing EISs should consider adding system-level me-

tering as a means to enable deeper energy savings.

5.5.5. The cost effectiveness of submetering down to the equipment level

The data shows that it costs approximately $0.08 per square foot

more to add equipment-level metering to whole-building and system-

level metering. For this extra cost, additional savings of $0.18 per square

foot can be achieved. The portfolios with equipment, system, and whole-

building metering have only been using their EISs for 1 year. This means

that simple payback for adding equipment-level metering to system-

level and whole-building metering is at most 1 year. Note that this pay-

back period is only for the cost of the additional submetering hardware

and not the software or the energy efficiency project costs.

5.5.6. The cost effectiveness of submetering down to the sensor level

The data did not show any increase in savings with the addition of

sensors, so it is not useful to look at the cost-effectiveness of adding

sensor-level metering to equipment, system, and whole-building level

metering. From the analysis presented above, it appears that adding

sensors to EIS implementations is not cost effective, as they enable no

additional savings.

5.5.7. The cost effectiveness of integrating BAS into EIS implementation

As can be seen in Table 5, the one portfolio that has its BAS points

integrated into its EIS as well as sensor, equipment, system, and whole-

building level metering spent less on metering that the seven portfolios
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Fig. 3. Portfolio weighted average savings for portfolios without chiller metering (red) vs with chiller metering (blue) [left] and for portfolios without lighting

metering (red) vs with lighting metering (blue) [right]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

Table 5

Comparison of hardware costs and estimated cost savings for portfolios with various metering scenarios (1 square foot = 0.1 m
2
).

Cohort Hardware costs Estimated cost savings

Average for portfolios with some fuels metered at the whole-building level only $0.00/sf −$0.05/sf

Average for portfolios with all fuels metered at the whole-building level only $0.15/sf $0.66/sf

Difference $0.15/sf $0.72/sf

Average for portfolios with some/All whole-building metering only $0.11/sf −$0.0001/sf

Average for portfolios with some/All whole-building and some system-level metering only $0.003/sf $0.66/sf

Difference −$0.112/sf $0.657/sf

Average for portfolios with some/All whole-building and some system-level metering only $0.003/sf $0.66/sf

Average for portfolios with some/All whole-building, some system and equipment-level metering only $0.08/sf $0.84/sf

Difference $0.082/sf $0.18/sf

Average for portfolios with some/All whole-building, some system, equipment, and sensor-level metering only $0.22/sf $0.05/sf

Average for portfolios with some/All whole-building, some system, equipment, sensor-level metering and BAS integration $0.02/sf $1.07/sf

Difference −$0.20/sf $1.02/sf

Average for portfolios with some/All whole-building, some system, equipment, and sensor-level metering only $0.23/sf $0.001/sf

Average for portfolios with some/All whole-building, some system, equipment, sensor-level and chiller metering only $0.22/sf $0.05/sf

Difference −$0.01/sf $0.0499/sf

Average for portfolios with some/All whole-building, some system, equipment, and sensor-level metering only $0.08/sf $0.04/sf

Average for portfolios with some/All whole-building, some system, equipment, sensor-level and lighting metering only $0.33/sf $0.42/sf

Difference $0.25/sf $0.38/sf

that had all the same metering but no BAS integration. This could be due

to the fact that the BAS was already monitoring many of the loads that

were data points for the EIS. In this case, minimum additional hardware

would be needed. If this was the case, the challenge was more likely

getting the two systems to communicate with each other – a software,

rather than hardware issue.

Note that while the averages for buildings with BAS integration cor-

respond to only one portfolio; this portfolio consists of 100 buildings.

Therefore, the comparison is still valuable. The portfolio with BAS saved

approximately $1.02 more per square foot than those not. This seems

to indicate that integrating BAS into EIS should be considered a best

practice. The difficulty of integrating BAS into EIS may vary from case

to case and depend on the specific systems being used. It is possible that

there are systems where integration is impossible or cost-prohibitive.

Each case should be carefully evaluated by the appropriate decision-

maker. However, if integrating BAS into EIS has no additional costs,

then energy managers and facilities engineers should consider doing so

to enable deeper energy savings.

5.5.8. The cost effectiveness of submetering chillers

Portfolios with chiller metering spent essentially the same amount

of money per square foot on metering hardware as their counterparts

who do not meter their chillers. Portfolios with chiller metering saved

approximately $0.05 more per square foot than those without chiller

metering. The average for buildings without chiller submetering corre-

sponds to only one data point (one portfolio). However, this portfolio

represents 4 buildings making the comparison still valuable. Given that

chiller metering can enable deeper energy savings for no additional cost,

it should be considered best practice to meter chillers in buildings where

equipment-level metering is being installed anyway. This would be most

applicable to buildings with large cooling loads.

5.5.9. The cost effectiveness of submetering lighting

Portfolios with lighting metering spent $0.25 more per square foot

on metering hardware than their counterparts. For this added cost port-

folios with lighting metering saw $0.38 more per square foot in energy

cost savings. The portfolios with lighting metering have been using their

EISs for an average of almost 4 years. Therefore, it could take as long

as 4 years for the additional cost of lighting metering to pay for itself.

Note that this payback period is only for the cost of the additional sub-

metering hardware and not the software or the energy efficiency project

costs.

6. Conclusions

In general, deeper submetering does appear to enable deeper energy

savings. The one exception to this is sensor data: the addition of sensor

level metering to other kinds of metering data does not seem to enable

deeper energy savings in EIS implementations. With the exception of

sensors, each additional level of metering was correlated with deeper en-

ergy savings, so energy managers should consider going beyond whole-

building metering to include system-level and equipment-level subme-

tering whenever economically possible. Additionally, the added costs for

deeper submetering were always less than the additional energy cost
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savings achieved for the buildings in this data set, meaning that it is

likely that deeper submetering will pay for itself quickly.

Although sensor data does not enable any additional energy data

analysis methods, sensor data can refine some energy analysis and thus

help energy managers to more easily identify sources of energy waste in

some cases. Where sensor data is deemed to be important for a particular

type of analysis or to monitor the performance of a particular system or

piece of equipment, sensors should be used. However, energy managers

should not install additional sensors merely hoping that more data will

enable more energy savings. An energy manager’s time and budget are

better spent on system and equipment submetering and/or integrating

BAS points into the EIS.

When selecting the systems and equipment to be submetered, energy

managers should first get an understanding of which systems or pieces

of equipment consume the largest portion of their facilities’ energy use.

Lighting is a large end use in many types of buildings. Moreover, non-

functioning controls and/or people leaving lights on during unoccupied

periods can lead to significant energy waste. In this study, buildings

that metered their lighting systems achieved higher energy savings than

those that did not. The resulting additional cost savings outweighed the

additional metering costs by a factor of 1.5 over a period of at most 4

years. Therefore, energy managers of facilities where lighting is a large

end use should consider metering lighting to be a best practice.

Cooling can also be a large end use in many buildings. In this study,

buildings that metered their chillers saved only slightly more energy

than those that did not. At the same time, these buildings did not spend

any more on metering, so if cooling is a big end use and the additional

cost is minimal, then energy managers should consider metering energy

used by the cooling system in some way. Chiller metering is required

for loading histogram analyses – a method that can be helpful in de-

termining whether chillers are properly staged. This means that energy

managers of facilities served by multiple, staged chillers may want to

make chiller metering a higher priority than energy managers served by

only one primary chiller.

Integrating BAS points into an EIS implementation is associated with

significantly higher energy savings and may not cost any additional

money. In fact, regardless of the other types of metering deployed, all

portfolios with BAS integration saved more energy (18%) than the re-

maining portfolios without BAS integration (3%). Upon further inspec-

tion it can be shown that none of the BAS integration cases have higher

upfront costs (on either the hardware or the software side) than their

counterparts without BAS integration. Integrating BAS points into an

EIS implementation may eliminate the need for additional metering,

thus saving money. Some BASs also have the functionality of an EIS.

This may be the most cost-effective option for buildings that have not

yet installed a BAS (i.e. new construction). The integration of BAS points

is highly recommended when possible.

Some of the results of the analyses in this study indicate that some

cost saving mechanisms such as volume pricing and utility rebate pro-

grams may be at play. Organization such as BC Hydro, the Energy Trust

of Oregon, and the New York State Energy Research and Development

and Authority all offer rebate programs for the installation of EISs. En-

ergy managers considering implementing an EIS are highly encouraged

to look for these kinds of opportunities to make their EIS implementa-

tions more affordable.
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a b s t r a c t

Renewable energy technologies, particularly in electric vehicles (EVs), have received significant attention in re-

cent years. The wasted energy in a vehicle’s shock absorber can be converted into an alternative energy source by

regenerative shock absorbers. In this paper, a high-efficiency regenerative shock absorber considering twin ball

screws transmissions is proposed for application in range-extended electric vehicles. The proposed regenerative

shock absorber can convert vibrational kinetic energy, which is traditionally dissipated as heat in suspension

systems, into electricity. The proposed system is divided into four modules: suspension vibration input module,

transmission module, generator module and power storage module. Induced by road roughness, the irregular

linear oscillations of the suspension are transmitted to the suspension vibration input module. The reciprocating

vibrations are converted into unidirectional rotation of the generator by a pair of ball screws, gears, and two

overrun clutches in the transmission module. The utilisation of different screw pitches leads to different damping

coefficients for upward and downward progress, enabling the shock absorber to fully utilise elastic elements to im-

prove vehicle comfort when compressed and quickly absorb vibrations when stretched. The electricity produced

by the generator is stored in supercapacitors to charge the battery and extend the range of EVs. The mechanical

properties of the full-scaled fabricated prototype were studied by utilising a mechanical testing and sensing fix-

ture. An average power output of 3.701 W in 1Hz-3 mm sinusoidal vibration input and a peak efficiency of 51.1%

and average efficiency of 36.4% were achieved in a bench tests. The range can be approximately extended by 1

mile per 100 miles when EV is driving on the road of class B with a speed of 60 km/h, demonstrating that the

proposed high-efficiency regenerative shock absorber is beneficial for harvesting renewable energy, and practical

and significant for extending the range of EVs.

1. Introduction

As the depletion of oil resources and increasing greenhouse effects,

methods to save resources and reduce CO2 emissions are attracting sig-

nificant attention. The transportation sector is the second-largest source

of CO2 emissions, which are primarily produced by gasoline, diesel,

heavy oils, and jet fuel, consuming approximately 27% of total world

main energy [1]. Consequently, reducing energy consumption, fully

utilising energy, and recovering potential energy in the transportation

sector are of great significance [2]. Electric vehicles (EVs) have gained

increasing popularity due to lower energy consumption and reduced

pollution. The adoption of EVs around the world can effectively alleviate

the problems above [3]. However, based on the unsatisfactory specific

∗
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E-mail address: zzt@swjtu.edu.cn (Z. Zhang).

capacity of batteries and considerations for reliability, the application of

EVs is hindered by their extremely limited range, which hits a significant

bottleneck. When driving an electric vehicle, most people are concerned

about endurance mileage, which typically leads to mental distress or

uneasiness. There are two main methods to alleviate the problems in

EVs. The first method focus on the external factors of EVs, such as

utilising a faster and more convenient charging technology, formulating

battery-management strategies [4] and selecting optimal charging sta-

tion locations. Although these general measures can extend the range

of EVs by improving external conditions to break the aforementioned

bottleneck, they cannot be long-term solutions if the principal internal

issues are not solved. The second method pays more attention to wasted

energy harvesting, including braking energy [5], vibration energy
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Nomenclature

Vn induced voltage of each phase (V)

Em amplitude of the induced voltage (V)

𝜔s angular frequency of the induced voltage (rad/s)

𝜔g generator shaft rotary speed (rad/s)

𝜔bs rotary speed of the ball screw (rad/s)

Pc power captured in the charging circuit (W)

Pl power lost to internal resistance (W)

PE total instantaneous electrical power (W)

Pinput input power for the shock absorber (W)

Pinstant instantaneous electrical power of each external resis-

tor (W)

Pf power loss caused by friction in the ball screw,

straight gear, and generator (W)

Pout(ave) average output electrical power (W)

Pinput(ave) average input electrical power (W)

ke back electromotive voltage constant (V s/rad)

TE electromagnetic torque (N/m)

CR rotary damping coefficient

in phase currents (A)

Re resistance of the external load per phase (Ω)

Ri resistance of the coil per phase (Ω)

𝜂bs efficiency of the ball screw

𝜂sg efficiency of the straight gear

𝜂g efficiency of the generator

𝜂e electrical efficiency of the regenerative shock ab-

sorber

𝜂 total efficiency of the proposed shock absorber

CL linear damping coefficient (N s/m)

CLE experimental average linear damping coefficient

(N s/m)

l lead of the ball screw (mm)

i transmission ratio between the straight gears

x displacement of excitation (m)

�̇� excitation speed of the shock absorber (m/s)

�̈� excitation acceleration of the shock absorber (m
2
/s)

𝜃 rotational angle of genera (°)

𝜔 angular frequency of the input (rad/s)

T kinetic energy (J)

V potential energy (J)

mc mass of the elements linear in motion (kg)

Jls rotation inertia of the left screw (kg m
2
)

Jrs rotation inertia of the right screw (kg m
2
)

Jlg rotation inertia of the large gears (kg m
2
)

Jls rotation inertia of the small gear (kg m
2
)

Jg rotation inertia of the generator (kg m
2
)

Fe thrust force (N)

ΔW mechanical work input of each loop (W)

g gravity acceleration (m
2
/s)

ll leads of the left-hand screw (mm)

lr leads of the right-hand screw (mm)

A amplitude of the input (mm)

t time point of excitation (s)

t1 demarcation point between the periods of engage-

ment and disengagement (s)

t2 demarcation point between the periods of disengage-

ment and re-engagement (s)

Abbreviations Symbols

MTS Mechanical Testing and Sensing system

EVs electric vehicles

[6] and other kinds of energy [7]. For example, the vehicle cabin can be

cooled by recycling solar energy [8], Qi used phase-change materials to

cool the carbin [9]. Abdelhamid modelled the comprehensive on-board

photovoltaic system for plug-in EV [10]. Another prevailing method is

recycling energy through piezoelectric materials from tire deformations

[11]. Maurya harvest strain energy from the automobile tires. Power

output of similar to 580 μW at 16 Hz [12]. Qian proposed an on-vehicle

magnetically triboelectric nanogenerator for tire pressure monitoring

systems [13]. The above solutions have been given focus in recent years

especially the regenerative suspension [14].

When vehicles drive on rough roads or change speeds, the shock

absorbers installed in their suspension systems are compressed and

stretched. Consequently, vibration energy will be dissipated in the form

of heat. In terms of ease of installation, energy density and recovery ef-

ficiency, vibration energy recovery is one of the most efficient energy

recovery methods and is widely utilised in commercial applications to

recover energy to power batteries [15]. Researches on vibration energy

recovery in shock absorbers have been ongoing for decades [16]. Re-

generative shock absorber designs can be divided into three main cate-

gories: linear designs [17], bidirectional rotary designs [18] and unidi-

rectional rotary designs [19].

The first category is linear electromagnetic regenerative shock ab-

sorbers utilising coils of magnetic wire to generate electricity directly.

The efficiency of this method is typically very high, but its damping

coefficient is small relatively. In [20], Zhang et al. designed an electro-

magnetic shock absorber utilising a rack and pinion mechanism. The

damping coefficient of the shock absorber was only 30 N·s/m, which

is far below the standard value. In [21], Tang et al. proposed a linear

vibration energy harvester with an efficiency of 70–78%. However, the

maximum damping coefficient was only 940 N·s/m under short circuit

conditions. In [22], Gysen et al. proposed a suspension system which can

both deliver active forces and regenerate power due to imposed move-

ments. And a linear quadratic regulator controller is developed for the

improvement of comfort and handling. The prototype electromagnetic

active suspension is designed with fail-safe passive damping, where the

value of is around 1600 Ns/m. Although this mechanism has excellent

efficiency, the damping coefficient is too small to meet the shock ab-

sorption requirements of various vehicles.

The second category is bidirectional rotatory regenerative shock ab-

sorbers, which are designed to increase damping coefficients. By utilis-

ing mechanical structures, such as a rack and pinion [23], ball screws

[24], or novel structures [25], irregularly reciprocating linear oscilla-

tions are transformed into two-way high-speed rotation. For example,

Kawamoto discussed the performance of the electro-mechanical ball-

screw suspension on the energy consumption, vibration isolation, and

vehicle manoeuvrability. Using contour maps to evaluate the perfor-

mance of the shock absorber [26]. Tonoli proposed a electromechan-

ical shock absorber whose damping requirements were fulfilled inside

a bandwidth of 60 Hz [27]. An energy-harvesting shock absorber com-

bining ball screws with Faraday’s law of electromagnetic induction was

introduced in [28] and achieved a significant damping coefficient rang-

ing from 3200 to 7400 N s/m and an efficiency ranging from 41 to

81%. This absorber was tested with a constant displacement amplitude

of 20 mm and different frequencies. Audi proposed a shock absorber sys-

tem called eROT which utilises a lever arm to absorb the vibrations of

the wheel carrier. The power output was 100–150 W on average during

testing on roads [29]. A two-legged mechanism was proposed by Roshan

et al. [30] to convert translational motion caused by vibrations into

rotary motion. The efficiency of this energy-regenerative mechatronic

damper, whose damping coefficient was 650 N·s/m, ranged from 73 to

84% for vibrations with a frequency of 3 Hz and amplitude of 10 mm.

In [31], Singal and Rajamani proposed a zero-energy active suspension

system with a damping coefficient ranging from 2800 to 4000 N s/m,

which converted relative motion into rotary motion by utilising a screw

fastened to the generator shaft. Although the damping coefficient was
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significant, the disorderly bidirectional rotation led to low efficiency

and disorderly response characteristics.

The third category is unidirectional rotary regenerative shock ab-

sorbers, which transform irregularly reciprocating linear vibrations into

unidirectional rotation. Therefore, this type of generator always rotates

in one direction, which increases the efficiency of the energy-harvesting

system and decreases the backlash between transmission structures com-

pared to the second category. Zhang et al. proposed a regenerative shock

absorber in [32] containing a pair of gear rack structures and superca-

pacitors that can achieve 54.98% efficiency at a frequency of 2.5 Hz and

amplitude of 7.5 mm. In [33], based on helical gears and dual tapered

roller clutches, Salman et al. presented a novel regenerative absorber.

With vibration amplitudes varying from 1 to 5 mm and frequencies vary-

ing from 1 to 2.5 Hz, the peak efficiency can reach 52% and the average

efficiency is approximately 40%. By utilising a ball screw and two over-

run clutches, Liu et al. proposed a mechanical-motion-rectifier-based

energy harvester with an efficiency range of 41–65% in 2.5 Hz-7.5 mm

excitation [34]. Galluzzi designed a hydraulic regenerative shock ab-

sorbers which transform the linear into angular motion. The system

can improve the energy conversion efficiency while the damping con-

trol property will not be affected [35]. Utilising the arm-teeth mecha-

nism, Zhang et al. proposed a regenerative shock absorber system which

can achieve linear to rotary motion conversion indirectly [36]. Zhang

et al. represented several hydraulic electromagnetic semi-active shock

absorbers. A 73.2% hydraulic efficiency can be achieved with a constant

external load of 15 Ω [37]. With maximum excitation speed 0.52 m/s

and external load 10Ω, the average output power reaches 110.6 W [38].

Fang et al. proposed an electro-hydraulic damper. The prototype can

recover energy about 200 W at a frequency of 10 Hz and amplitude of

3 mm excitation, but the recovery efficiency is only 16.6% [39]. Ab-

delkareem et al. focused on harvesting suspension vibration energy from

heavy-duty truck [40]. The results show the average power of 300 W can

be harvested under road grade D and 60 mph truck speed. Unidirec-

tional rotary RSAs not only have suitable damping ability, but can also

achieve good efficiency to harvest more energy and extend generator

life.

Although existing regenerative shock absorbers are able to recover

a high ratio of vibration energy, there are several drawbacks to com-

pletely replace conventional shock absorbers. Various factors in regen-

erative shock absorbers still challenge researchers. Regenerative shock

absorbers can be perfected by aiming at the following two main prob-

lems. First, regenerative shock absorbers typically have low efficiency

and do not perform as well as conventional shock absorbers. Second,

applications of recovered energy must be thoroughly addressed. In pre-

vious research, a regenerative shock absorber utilising a pair of gear rack

structures was proposed in order to achieve a high-efficiency and apply

to range-extended EVs [32]. While that system still exists the relatively

large impact force caused by oscillatory motion and could not achieve

a suitable damping ratio between upward and downward progress to

provide passenger with a comfortable ride experience.

To tackle these shortcomings, in this paper, a high-efficiency regen-

erative shock absorber utilising a pair of ball screws with different char-

acteristics and two overrun clutches with supercapacitors for storage is

proposed to extend the range of EVs. Compared to conventional unidi-

rectional rotatory regenerative shock absorbers, the utilisation of a cou-

ple of ball screws with different rotation directions and screw pitches

provides superior shock absorption for smoother riding experience. The

utilisation of supercapacitors can store the collected energy efficiently

and reliably [41]. Thus, the proposed regenerative shock absorber is

suitable for replacing a conventional shock absorber while harvesting

vibration energy, increasing energy conversion efficiency and provid-

ing a high-quality riding experience.

The rest of this paper is organised as follows. In Section 2, various

modules of the regenerative shock absorber are described. Modelling

and kinematic analyses are proposed in Section 3. Relevant experimen-

tal details are given in Section 4. Experimental results are discussed to

verify the feasibility and practicality of the proposed regenerative shock

absorber in Section 5. Finally, this paper is concluded in Section 6.

2. System design

The general structure of the regenerative shock absorber consider-

ing twin ball screws transmissions is presented in Fig. 1. The proposed

system consists of four main modules: the suspension vibration input

module, transmission mechanism module, generator module, and power

storage module. As shown in the left portion of Fig. 1, when a vehicle

is passing over an uneven road or changing speed, reciprocating linear

vibrations from the two cylinders are inputted into the shock absorber,

resulting in the nuts traveling downward or upward through the rods.

The assembly of the cylinders, rods, and nuts is defined as the suspension

vibration input module. As shown in Fig. 2, the transmission mechanism

module transforms the reciprocating vibrations into unidirectional rota-

tion of the generator shaft by utilising a pair of ball screws with differ-

ent rotation directions and screw pitches, a pair of overrun clutches, and

gear mechanism. The generator module converts the mechanical energy

of the unidirectional rotating shaft into electricity, which increases the

efficiency of energy harvesting and reliability of the entire system. The

energy is stored in the power storage module in supercapacitors, which

are utilised to charge the batteries of EVs, as shown in the right portion

of Fig. 1.

2.1. Suspension vibration input module

The proposed regenerative shock absorber not only has the function

of reducing vibration and improving riding comfort, but can also recover

and store energy through the transmission mechanism module, genera-

tor, and supercapacitors. Similar to a conventional shock absorber, the

high-efficiency regenerative shock absorber is installed inside the sus-

pension, as shown in Fig. 2. The suspension vibration input module is

divided into an upper cylinder, middle cylinder and lower cylinder. The

installation diagram is presented in Fig. 3. The upper cylinder is fastened

to the frame and the lower cylinder is mounted on the chassis. When

the suspension vibrates, linear displacement occurs between the upper

cylinder and middle cylinder, which is attached to the lower cylinder

via screw bolt. The damping force of the internal mechanical structure

and generator weakens the vibration of the frame and body.

Road roughness is the main factor affecting suspension vibration.

When a vehicle passes over a rough surface, the suspension vibrates be-

cause of the impact of vertical reaction forces. Additionally, speed vari-

ation is another significant factor. When a vehicle accelerates, brakes

or turns, longitudinal reaction forces, including the braking force and

driving force, and the torque caused by these reaction forces extend and

contract the regenerative shock absorber. Therefore, the suspension vi-

bration input is mainly affected by road roughness and speed variation.

2.2. Transmission mechanism module

Acting as a linkage between the suspension vibration input module

and generator module, the transmission mechanism module is the main

kernel of the regenerative shock absorber, as shown in Fig. 4. The recip-

rocating oscillations induced in the vibration input module are transmit-

ted into the upper and middle cylinders. The transmission mechanism

module converts the reciprocating linear vibration between cylinders

into unidirectional rotation of the generator shaft. The basic structure

of the transmission mechanism module consists of two rods, a pair of

ball screws and nuts, pair of overrun clutches, three gears, and a gen-

erator. The rods are immobilised between the top of the upper cylinder

and inside of the middle cylinder, meaning they can deliver the vibra-

tion of the cylinders to the screw nuts.

In the design of proposed regenerative shock absorber, two screw

nuts are assembled with a pair of ball screws and the ends of the rods

are immobilised in the middle of the inner cylinder. As shown in Fig. 4, a
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Fig. 1. Flow chart of the proposed regenerative shock absorber.

Fig. 2. Structure of the regenerative shock absorber.

pair of ball screws is sandwiched between the top and end of the middle

cylinder, both of which can rotate when the screw nuts move up and

down. The inside of the overrun clutches is connected to the ball screws

and the outside is combined with the large gear. Fixed to the shaft of

the generator through a coupling, the small gear is matched to the large

gear at the bottom of the inner cylinder.

When reciprocating vibration is inputted into the inner and

outer cylinders, the screw nuts will move upward or downward

simultaneously, which transmits the vertical reciprocating vibration into

the ball screws, as shown in the left portion of Fig. 4. The assembly of the

screws and nuts causes the ball screws to rotate in opposite directions.

One of the clutches will engage a large gear while the other disengages.

Therefore, the small gear will always rotate unidirectionally, regardless

of how the screw nuts move.

The transmission mechanism module schematic in Fig. 4 shows how

the reciprocating linear vibration is transformed into unidirectional
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Fig. 3. Installation diagram of the energy regenerative shock absorber.

Fig. 4. Transmission status in the transmission mechanism module.

Table 1

Parameters of the regenerative shock absorber.

Parameters Value Description

D 110 mm Maximum diameter of shock absorber

L 370 mm Length of shock absorber

dm1 16 mm Left-hand ball screw diameter

dm2 16 mm Right-hand ball screw diameter

ll 10 mm Left-hand ball screw lead

lr 16 mm Right-hand ball screw lead

Jls 0.081 Left-hand ball screw inertia

Jrs 0.080 Right-hand ball screw inertia

Jlg 0.0057 Large gear inertia

Jsg 0.00024 Small gear inertia

rs 2.92 Spur gear transmission ratio

rotation. The red arrows represent the large gear disengaging from the

overrun clutches and the green arrows represent the overrun clutches

transmitting torque to the large gear and other transmission. Because

the ball screws have opposite rotational directions, the small gear

rotates unidirectionally.

The parameters of components in transmission mechanism module

are listed in Table 1. In this paper, l represents the general screw lead

of both the left-hand screw and right-hand screw. A brief introduction

of the parameter selection process is provided below. First, as the

limitation of the rated current of the generator [18], the external

resistance was determined to be approximately six times as large as

the internal resistance of the generator. After the total resistance was

derived, the screw diameter and transmission ratios of the gears were

selected. The screw leads were designed to be as large as possible to

increase mechanical efficiency and the ratio of the screw leads was

designed to achieve suitable damping.

The different characteristics of the ball screws lead to different rota-

tion speeds of the generator when the input speed and generator param-

eters are constant. As shown in the right portion of Fig. 4, downward

progress results in less damping, which helps the spring absorb kinetic

energy quickly and provides a comfortable ride experience for passen-

gers, whereas upward progress results in more damping, which helps

the spring release elastic potential energy rapidly. These two modes help

create a suspension system with superior shock absorption effects.

2.3. Generator module

The power generation module contains a generator, as shown in

Fig. 5, and is fixed inside the lower cylinder by a circular plate. Based

on limitations in terms of shock absorber volume and efficiency, a DC

brushless motor with a small volume and low rotor inertia was chosen

to generate electricity. The generator model selected for this article was

the 57BL55S06-230TF9. The parameters of the generator are shown in

Table 2.
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Fig. 5. Generator prototype.

Table 2

Parameters of the generator module.

Value Parameters

8 mm Diameter of input shaft

94 mm Length

57 mm Outer diameter

24 V Rated voltage

1000 rpm Rated speed

0.6 N m Rated torque

1.9 mH Internal inductance

0.4 kg cm2 Rotor inertia

3500 rpm Max permissible speed

60 W Rated power

3.6 A Rated current

0.50 Ω Internal resistor

0.083 V s/rad Back electromotive voltage constant

2.4. Power storage module

The amplitude and frequency of suspension vibration determine the

rotational speed of the generator. These parameters are highly corre-

lated to road flatness and speed variation. Based on the irregularity of

various excitation conditions and clearance of the overrun clutch when

changing direction, the rotational speed of the generator is constantly

changing. Therefore, the current outputted by the generator is unstable

and irregular. As described in Section 2.3, a brushless DC motor gener-

ating three-phase alternating current was utilised as a generator. Conse-

quently, to enable the current to be steady and suitable for storage and

charging, it is necessary to utilise a current rectifier and supercapacitors

with voltage regulator as a power storage system. The rectifier circuit

presented in Fig. 6(a) can rectify the three-phase alternating current

into pulsed direct current. The voltage regulator controls the generator

excitation current to automatically adjust the generator output voltage

and stabilise the power load. For the storage of power, supercapacitors

that can charge the battery of an EV were selected for its high power

density, short charging time, and long cycle life. The circuit board and

supercapacitors are presented in Fig. 6(b).

3. Modelling and analysis

The proposed regenerative shock absorber is composed of several

main parts, including a generator, straight gears and ball screws. In this

portion of the paper, the analysing the damping coefficient, efficiency

and dynamics of the system are performed, respectively.

3.1. Fatigue life analysis of the ball screw

When the ball screw is at the ith reciprocating cycle, it is assumed

that the rotation speed is ni, the working time is ti, and the load subjected

Fig. 6. Electrical rectifying circuit.

Table 3

The value basis of the precision coefficient and load coefficient.

Load property f
w

Accuracy level f
a

Smooth 1–1.2 1–5 1.0

Shock 1.2–1.5 7 0.9

Vibration 1.5–2 10 0.7

is Fi. so the formula for calculating the equivalent rotation speed nm is:

𝑛
𝑚
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The calculation formula of the equivalent load can be written as:
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Assuming that the ball screw is operated under the equivalent load

Fm and the equivalent speed nm, and the maximum axial dynamic load

that can be withstood to reach the expected life is Cam. According to

the design principle, the axial dynamic load Ca should be satisfied: Ca>

Cam. If calculated according to the expected working time Lh of the ball

screw, the maximum axial dynamic load 𝐶
′
𝑎𝑚

is:

𝐶
′
𝑎𝑚
= 𝐹

𝑚
𝑓
𝑤

√
60𝑛

𝑚
𝐿
ℎ
∕
(
100𝑓

𝑎

)
(3)

The fa and fw are precision coefficient and load coefficient respectively,

which can be selected in Table 3.

If calculated according to the expected running distance Ls of the

ball screw, the maximum axial dynamic load 𝐶
′′
𝑎𝑚

can be written as:

𝐶
′′
𝑎𝑚
= 𝐹

𝑚
𝑓
𝑤

√
𝐿
𝑠
∕𝑃

ℎ
∕𝑓

𝑎
(4)

where Ph is the screw lead. Therefore, the calculation formula of rated

fatigue life L10 can be written as:

𝐿10 = (𝐶𝑎𝑚
∕𝐹

𝑚
)3 × 106 (5)
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Fig. 7. Simulation circuit for the three-phase generator.

3.2. Rotary damping analysis of the generator

The damping ability of the regenerative damper proposed in this

paper is mainly provided by the ball screw mechanism, straight gear

mechanism and generator with a charging circuit. The linear damping

of the ball screw mechanism and straight gear mechanism originates

from rotary damping about the generator with a charging circuit. When

the suspension provides vibration input, the generator shaft will rotate

through the transmission mechanism module. Consequently, the brush-

less DC generator generates a three-phase alternating current, which is

stored in the supercapacitors by the charging circuit, and simultaneously

provides rotary damping for the shock absorber.

As shown in Fig. 6(a), the three-phase bidirectional converter is

utilised to control the connection and disconnection of the energy har-

vesting circuit. Since the aim is to enforce resistance behaviour on the

input terminal of the converter, the MOSFET switch mode should be con-

trolled so that the entire circuit acts like the circuit shown in Fig. 7. The

output current of the generator can be adjusted in a booster converter

by forcing resistance at the input terminal. Therefore, the linear damp-

ing characteristics of the suspension system can change in real time. The

control objective is to adjust the input phase current of the converter to

achieve the required current.

As shown in Fig. 7, the V1, V2, and V3 are defined as the induced

electromotive forces generated by the respective phases of the brushless

DC generator. The phase currents of the generator are represented by i1,

i2, and i3. Ri and Re are the resistance of the coil per phase and resistance

of the external load per phase, respectively.

Similar to AC sinusoidal three-phase voltage, the voltage generated

by the brushless motor can be expressed as follows:

⎧
⎪
⎨
⎪
⎩

𝑉1 = 𝐸
𝑚
⋅ sin

(
𝜔
𝑠
𝑡

)

𝑉2 = 𝐸
𝑚
⋅ sin

(
𝜔
𝑠
𝑡 − 120◦

)

𝑉3 = 𝐸
𝑚
⋅ sin

(
𝜔
𝑠
𝑡 + 120◦

)
(6)

where Vn (n==1,2,3) represents the induced voltage of each phase, and

Em and 𝜔s represent the amplitude and angular frequency of the induced

voltage, respectively. The power captured in the charging circuit Pc and

power lost to internal resistance Pl constitute the total instantaneous

electrical power PE, which can be calculated as follows:

𝑃
𝐸
= 𝑃

𝑐
+ 𝑃

𝑙
=

𝑉1
2

𝑅
𝑒
+𝑅

𝑖

+
𝑉2
2

𝑅
𝑒
+ 𝑅

𝑖

+
𝑉3
2

𝑅
𝑒
+𝑅

𝑖

(7)

Pc can be expressed as follows:

𝑃
𝐶
=

𝑉1
2 ⋅ 𝑅

𝑒

𝑅
𝑒
+ 𝑅

𝑖

+
𝑉2
2 ⋅ 𝑅

𝑒

𝑅
𝑒
+ 𝑅

𝑖

+
𝑉3
2 ⋅ 𝑅

𝑒

𝑅
𝑒
+ 𝑅

𝑖

(8)

Therefore, the electrical efficiency 𝜂e of the regenerative shock ab-

sorber is given by:

𝜂
𝑒
=

𝑃
𝑐

𝑃
𝑐
+ 𝑃

𝑙

=
𝑅

𝑒

𝑅
𝑒
+𝑅

𝑖

(9)

By substituting (6) into (7), the equation can be rewritten as follows:

𝑃
𝐸
=
1.5 × 𝐸

𝑚

2

𝑅
𝑒
+𝑅

𝑖

(10)

where the induced voltage Em can be calculated from the generator shaft

rotary speed 𝜔g and back electromotive voltage constant ke, which is

defined as follows:

𝐸
𝑚
= 𝑘

𝑒
⋅ 𝜔

𝑔
(11)

By substituting (11) into (10), the equation can be simplified as fol-

lows:

𝑃
𝐸
=
1.5 × 𝑘

𝑒

2 ⋅ 𝜔
𝑔

2

𝑅
𝑒
+𝑅

𝑖

(12)

Because of the power balance in both the mechanical domain and

electric domain, the following equation can be obtained as:

𝑃
𝐸
= 𝑇

𝐸
⋅ 𝜔

𝑔
, (13)

where TE is the electromagnetic torque acting to the generator shaft. The

relationship between the generator shaft rotary speed 𝜔g and electro-

magnetic torque TE applied to the generator shaft is defined as follows:

𝑇
𝐸
= CR ⋅ 𝜔𝑔

, (14)

where CR is the rotary damping coefficient of the generator with a charg-

ing circuit. By substituting (14) into (13), the equation can be rewritten

as follows:

𝑃
𝐸
= CR ⋅ 𝜔𝑔

2 (15)

By comparing (12) and (15), the rotary damping coefficient can be

obtained:

CR =
1.5 × 𝑘

𝑒

2

𝑅
𝑒
+ 𝑅

𝑖

. (16)

Eq. (16) represents the influencing parameters, including the gener-

ator (ke, Ri) and charging circuit (Re), in terms of the rotary damping

coefficient of the brushless generator with a charging circuit.

3.3. The linear damping coefficient of the regenerative shock absorber

A displacement x is utilised as the incentive for the regenerative

shock absorber to derive the linear damping coefficient, as shown in

Fig. 8.

According to the law of energy conservation, the input power is equal

to the sum of the Pf and PE, where Pf represents the power loss caused

by friction in the ball screw, straight gear, and generator, and PE is the

generator power with a charging circuit. Therefore, the equations can

be written as:

𝑃
𝑖𝑛𝑝𝑢𝑡

= 𝑃
𝑓
+ 𝑃

𝐸
(17)

𝜂
𝑏𝑠
⋅ 𝜂

𝑠𝑔
⋅ 𝜂

𝑔
⋅ 𝑃

𝑖𝑛𝑝𝑢𝑡
= 𝑃

𝐸
, (18)

where 𝜂bs is the efficiency of the ball screw, 𝜂sg is the efficiency of the

straight gear, and 𝜂g is the efficiency of the generator.

The input power for the shock absorber is given by

𝑃
𝑖𝑛𝑝𝑢𝑡

= 𝐶
𝐿
⋅ �̇�2, (19)

where ẋ is the excitation speed of the shock absorber. By substituting

(19) and (15) into (18), (18) can be written as:

𝜂
𝑏𝑠
⋅ 𝜂

𝑠𝑔
⋅ 𝜂

𝑔
⋅ 𝐶

𝐿
⋅ �̇�2 = CR ⋅ 𝜔𝑔

2
. (20)

By utilising the ball screws and straight gears, the linear vibration

can be transformed into rotational motion, which is subject to the fol-

lowing laws:

𝜔
𝑏𝑠
= 2𝜋�̇�

𝑙

(21)
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Fig. 8. Dynamic module of the regenerative shock absorber.

𝜔
𝑔
= 𝑖 ⋅ 𝜔

𝑏𝑠
, (22)

where 𝜔bs is the rotary speed of the ball screw, l is the lead of the ball

screw, and i is the transmission ratio between the straight gears. By

substituting (21) and (22) into (20), the linear damping coefficient CL

can be expressed as follows:

𝐶
𝐿
=

4𝜋2𝑖2
(
1.5 × 𝑘

𝑒

2)

𝜂
𝑏𝑠
⋅ 𝜂

𝑠𝑔
⋅ 𝜂

𝑔
⋅ 𝑙2 ⋅

(
𝑅

𝑒
+ 𝑅

𝑖

) (23)

3.4. Dynamics of the regenerative shock absorber

In this section, the motion and force dynamics of the regenerative

shock absorber are analysed under general input excitation. In contrast

to linear and bidirectional designs, the proposed regenerative shock ab-

sorber has a nonlinear representation because of the overrun clutches.

𝑑𝜃
𝑖𝑛

𝑑𝑡

= 𝑑𝜃

𝑑𝑡

(24)

𝜔 = 𝑑𝜃
𝑖𝑛

𝑑𝑡

= 2𝜋⋅𝑖
𝑙

|�̇�| is defined the input rotational speed, where x refers

the displacement of excitation. By utilising the Lagrangian formulation,

the thrust force F applied to the top cylinder can be obtained as follows:

𝑑

𝑑𝑡

(
𝜕𝑇

𝜕�̇�

)
− 𝜕𝑇

𝜕𝑥

+ 𝜕𝑉

𝜕𝑥

+ 𝜕𝐷

𝜕𝑥

= 𝐹 (25)

The input energy is converted into kinetic energy T, potential energy

V, and damping energy D. The term T can be defined as follows:

𝑇 = 1
2
⋅ 𝑚

𝑐
⋅ �̇�2 + 1

2
⋅ 𝐽

𝑙𝑠
⋅ 𝜔2 + 1

2
⋅ 𝐽

𝑟𝑠
⋅ 𝜔

𝑟𝑠

2 + 1
2
⋅
(
2𝐽

𝑙𝑔

)

⋅ 𝜔2 + 1
2
⋅ 𝐽

𝑠𝑔
⋅ (𝑖 ⋅ 𝜔)2 + 1

2
⋅ 𝐽

𝑔
⋅ (𝑖 ⋅ 𝜔)2

= 1
2
⋅

[

𝑚
𝑐
+
4𝜋2 ⋅

(
𝐽
𝑙
𝑠 + 𝐽

𝑟
𝑠 + 2𝐽

𝑙
𝑔 + 𝑖

2
𝐽
𝑠
𝑔 + 𝑖

2
𝐽
𝑔

)

𝑙
2

]

�̇�
2
, (26)

where mc is the mass of the elements that are linear in motion, including

the top cylinder, rods, screw nuts, and other elements inside the middle

cylinder. Jls, Jrs, Jlg, Jsg, and Jg are the rotation inertia of the left screw,

right screw, large gears, small gear, and generator, respectively.

The damping energy can be defined as follows:

𝑑𝜃
𝑖𝑛

𝑑𝑡

= 𝑑𝜃

𝑑𝑡

(27)

Therefore, the thrust force Fe can be simplified by substituting

(26) and (27) into (25).

𝐹
𝑒
=

⎧
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎩

[
𝑚
𝑐
+

4𝜋2⋅
(
𝐽
𝑙𝑠
+𝐽

𝑟𝑠
+2𝐽lg+𝑖2𝐽𝑠𝑔+𝑖2𝐽𝑔

)

𝑙
2
𝑟

]
⋅ �̈� + 𝑚

𝑐
⋅ 𝑔 + 𝐶

𝐿
⋅ �̇�

𝑢𝑝𝑤𝑎𝑟𝑑 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠[
𝑚
𝑐
+

4𝜋2 ⋅
(
𝐽
𝑙𝑠
+𝐽

𝑟𝑠
+2𝐽lg+𝑖2𝐽𝑠𝑔+𝑖2𝐽𝑔

)

𝑙
2
𝑙

]
⋅ �̈� − 𝑚

𝑐
⋅ 𝑔 + 𝐶

𝐿
⋅ �̇�

𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠

, (28)

where g is the gravity acceleration, ll and lr are the leads of the left-

hand screw and right-hand screw, respectively. The upward progress

and downward progress correspond to the motion of the upper cylinder.

Therefore, the inertance of the proposed regenerative shock absorber

is equivalent to the following expression:

𝑚
𝑒𝑞
= 𝑚

𝑐
⋅
(
1 ± 𝑔

�̈�

)
+
4𝜋2 ⋅

(
𝐽
𝑙𝑠
+ 𝐽

𝑟𝑠
+ 2𝐽

𝑙𝑔
+ 𝑖

2
𝐽
𝑠𝑔
+ 𝑖

2
𝐽
𝑔

)

𝑙
2

≈
4𝜋2 ⋅ 𝑖2 ⋅ 𝐽

𝑔

𝑙
2 (29)

In (21), i2Jg is much larger than the value of the screws and gears

(i.e., 𝐽
𝑙𝑠
+ 𝐽

𝑟𝑠
+ 2𝐽

𝑙𝑔
+ 𝑖

2
𝐽
𝑠𝑔

). Additionally, the expression
4𝜋2 ⋅𝑖4⋅𝐽

𝑔

𝑙
2 is

much larger than mc. For example, 𝑖
2
𝐽
𝑔
= 3.41kg ⋅ cm2 is nearly 20 times

larger than 𝐽
𝑙𝑠
+ 𝐽

𝑟𝑠
+ 2𝐽lg + 𝑖

2
𝐽
𝑠𝑔
= 0.17 kg cm2. Additionally

4𝜋2 ⋅𝑖2⋅𝐽
𝑔

𝑙
𝑟

2 =

52.6 kg and
4𝜋2 ⋅𝑖2⋅𝐽

𝑔

𝑙
𝑙

2 = 134.6 kg, which are approximately 75 and 192

times larger than 𝑚
𝑐
= 0.7 kg, respectively.

When the speed of the input is smaller than that of the generator

shaft,

𝑑𝜃
𝑖𝑛

𝑑𝑡

<

𝑑𝜃

𝑑𝑡

. (30)

During the disengaged period, there is no transmission torque ap-

plied to the generator shaft. The kinetic energy decreases until the next

engaged period, when it is converted into electricity through the gener-

ator.

The dynamic periods of engagement and disengagement can be sum-

marised as follows:

{
𝐹
𝑒
= 𝑚

𝑒𝑞
⋅ �̈� + 𝐶

𝐿
⋅ �̇� �̇� = �̇�

𝑖𝑛
, 𝑒𝑛𝑔𝑎𝑔𝑒𝑑 𝑝𝑒𝑟𝑖𝑜𝑑

𝐹
𝑑
= 0 �̇� > �̇�

𝑖𝑛
, 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑 𝑝𝑒𝑟𝑖𝑜𝑑

(31)

where meq and CL are defined in (22) and (16), respectively.

3.5. Rotation speed of the generator

All input vibrations can be decomposed into a series of trigonomet-

ric functions by utilising the Fourier transform. Consider the sinusoidal

function as vibration inputs as

𝑥 = 𝐴𝑠𝑖𝑛(𝜔𝑡), (32)

where A and 𝜔 are the amplitude and angular frequency of the input,

respectively.

When the regenerative shock absorber is disengaged, there is no in-

put torque. By ignoring the rotational inertia of the gears, the dynamics

can be expressed as follows:

𝐽
𝑔
⋅
𝑑
2
𝜃

𝑑𝑡
2 + 𝐶

𝑅
⋅
𝑑𝜃

𝑑𝑡

= 0. (33)

Fig. 4 presents the motion of the engagement and disengagement of

the regenerative shock absorber. The input angular acceleration can be

expressed as follows:

𝑑
2
𝜃
𝑖𝑛

𝑑𝑡
2 = 𝑖

𝑙

⋅
𝑑
2
𝑥

𝑑𝑡
2 = − 𝑖

𝑙

⋅ 𝐴𝜔
2 sin

(
𝜔𝑡1

)
, (34)
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where t1 is the demarcation point between the periods of engagement

and disengagement. The angular acceleration of the generator is

𝑑
2
𝜃

𝑑𝑡
2 = −

𝐶
𝑅

𝐽
𝑔

⋅
𝑑𝜃

𝑑𝑡

= −
𝐶
𝑅

𝐽
𝑔

⋅
𝑑𝜃

𝑖𝑛

𝑑𝑡

= −
𝐶
𝑅

𝐽
𝑔

𝑖

𝑙

⋅ 𝐴𝜔 cos
(
𝜔𝑡1

)
. (35)

When the overrun clutch disengages from the screw,

𝑑
2
𝜃
𝑖𝑛

𝑑𝑡
2

<=
𝑑
2
𝜃

𝑑𝑡
2 . (36)

By substituting (27) and (28) into (29), t1 can be expressed as

𝑡1 =
1
𝜔

arctan
(
CR
𝜔𝐽

𝑔

)
+ 𝐾𝜋

𝜔

⋅𝐾 = 0, 1, 2, 3… , (37)

where K is a series of natural numbers. During the disengaged period,

the relationship between angular acceleration and angular velocity is

defined by (33). Therefore, the rotation speed of the generator shaft can

be expressed as

𝑑𝜃

𝑑𝑡

= 𝑑𝜃

𝑑𝑡

(
𝑡1
)
⋅ 𝑒
− CR

𝐽
𝑔

(𝑡−𝑡1)
, 𝑡1 <= 𝑡

<= 𝑡2, (38)

where
𝑑𝜃

𝑑𝑡

(𝑡1) =
𝑖

𝑙

⋅ |𝐴𝜔𝑐𝑜𝑠(𝜔𝑡1)|. When the regenerative shock absorber

becomes re-engaged at t2,
𝑑𝜃

𝑑𝑡

= 𝑑𝜃
𝑖𝑛

𝑑𝑡

. Therefore, at t2,

cos
(
𝜔𝑡1

)
𝑒

CR
𝐽
𝑔

𝑡1 + cos
(
𝜔𝑡2

)
𝑒

CR
𝐽
𝑔

𝑡2 = 0, 𝑡1 <= 𝑡2 <= 𝑡1 +
𝜋

𝜔

. (39)

t2 can be calculated utilising (39). The rotation speed of the genera-

tor can be summarised as follows:

⎧
⎪
⎨
⎪
⎩

𝑑𝜃

𝑑𝑡

=
𝑑𝜃

𝑖𝑛

𝑑𝑡

𝑡2 <= 𝑡
<= 𝑡1

𝐽
𝑔
⋅
𝑑
2
𝜃

𝑑𝑡
2 + 𝐶

𝑅
⋅
𝑑𝜃

𝑑𝑡

= 0 𝑡1 <= 𝑡
<= 𝑡2

𝐾 = 0, 1, 2, 3… , (40)

where t1 and t2 can be derived from (30) and (32) with different values

of K.

3.6. System simulation

A series of simulations with sinusoidal displacement inputs were per-

formed to evaluate the characteristics of the shock absorber. The param-

eters of the proposed system are listed in Table 1. The prototype was

comprised of a left-hand screw, right-hand screw, two screw nuts, two

large gears, one small gear, generator, and three cylinders.

The input force Fe and equivalent mass meq are shown in (31) and

(29), respectively. The efficiency parameters for the damping coeffi-

cient in (23) were estimated as follows: the efficiency of the ball screw

𝜂bs =0.92, efficiency of the straight gear 𝜂sg =0.96, and efficiency of the

generator 𝜂g =0.91. Therefore, the mechanical efficiency of the regen-

erative shock absorber is approximately 0.80. By substituting this value

into (23), the linear damping coefficient CL could be determined. After

all the parameters for the regenerative shock absorber were determined,

the force-displacement loop could be obtained, as shown in Fig. 9(a) and

(b).

The loop indicates whether or not the regenerative shock absorber

performs as well as a traditional shock absorber. Based on the pair of ball

screws with different rotation directions and screw pitches, the regen-

erative shock absorber provides greater force in the upward progress,

providing nearly the same response as the conventional shock absorber.

The mechanical motion of the regenerative shock absorber is simu-

lated by using Solidworks motion analysis. In this simulation, a recipro-

cating sinusoidal input is transmitted to the model of regenerative shock

absorber with different amplitudes and frequencies, as shown in Fig. 10.

During the extension and compression progress, it will appear two differ-

ent peak values in every cycle. Especially, the maximum rotating speed

of extension progress is larger than that of compression progress, the

ratio between whom is a constant value which is related to the differ-

ence of screw pitches. According to the trend of curves, the speed of

generator shaft is proportional to the input amplitude and frequency.

Fig. 9. Simulations for a variety of amplitudes and frequencies.

The linear damping coefficient of the prototype is influenced by ex-

ternal loads, as shown in Fig. 11, which allows us to choose a more

beneficial value to satisfy different demands. Furthermore, the other

parameters in (23) can also be modified. Therefore, the proposed de-

sign can be applied to all types of vehicles. In this paper, three resistors

are utilised as external loads. The value of the resistors was chosen to

be 3 Ω, leading to a damping coefficient of 4884 N s/m for downward

progress and 12,504 N s/m for upward progress, which is similar to the

coefficient for heavy-duty trucks or buses.

4. Experimental details

A series of experimental procedures, including the setup of an experi-

mental bench, and recording and exporting of experimental data regard-

ing the regenerative shock absorber, are presented in Fig. 12. The proto-

type of the regenerative shock absorber was designed, manufactured and

debugged for several months, as shown in Fig. 12(a) and (b). The Bionix

858 material testing system from the Mechanical Testing and Sensing

(MTS) System was utilised for the bench test presented in Fig. 12(c).

The prototype installed on the bench is presented in Fig. 12(d). The

experimental process is presented in Fig. 12(e). The voltage signal emit-

ted by the generator was recorded by a UTD2102CEX-EDU digital os-

cilloscope, as shown in Fig. 12(f). The force and displacement signals
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Fig. 10. Damping coefficients with different external resistances.

detected through the displacement sensor and load cell are presented

in Fig. 12(g). A maximum excitation amplitude of 7 mm was applied to

the prototype based on the height limitations of the bench. To create

a situation similar to the natural vibration frequency of a suspension,

whose range is approximately 0.5–1.6 Hz, the frequency of excitation in

the range of 0.5–1 Hz is chosen. As shown in Fig. 12(h), three external

resistors with Re = =3 Ω were selected to provide the external load. The

resistors were connected to the generator.

5. Results and discussion

An MTS test was utilised to test the proposed regenerative shock

absorber. This test generates sinusoidal oscillations with different am-

plitudes and frequencies in the ranges described above. As shown in

Fig. 11. Damping coefficients with different external resistances.

Fig. 13, the experimental force-displacement loops have similar shapes

and characteristics to those from the simulations. The mechanical work

input ΔW of each loop can be calculated through the area enclosed by

each cycle. Therefore, the linear damping coefficient can be expressed

as follows:

C
𝐿
= Δ𝑊

𝜋 ⋅ 𝜔 ⋅ 𝐴2
. (41)

After calculating every type of loop in Fig. 13, the experimental aver-

age linear damping coefficient CLE was calculated to be 10,580 N s/m,

which is nearly the same as the simulated linear damping coefficient

(CL = =8694 N s/m).

The output curves in Fig. 13 are nearly the same as those in the sim-

ulation results. Both results show a larger force in the upward progress

and lower force in the downward progress. As the excitation ampli-

tude and frequency increase, the force decreases, which matches the ex-

pected performance of the shock absorber. The fluctuation in the graphs

is caused by the uneven distribution of magnets in the motor and the

low speed rotation of the motor [34]. As the increase of motor speed,

the fluctuation will gradually decrease. The character may cause a lit-

tle shake under low input frequency, but the damping characteristics of

regenerative shock absorbers are different from conventional dampers.

The suspension performance can be improved because of the disengage-

ment of the one-way clutches and the additional inertia force.

The mechanical efficiency of the proposed shock absorber can be

expressed as follows:

𝜂
𝑚
= 𝜂

𝜂
𝑒

, (42)

where the electrical efficiency of the regenerative shock absorber 𝜂e was

calculated to be 0.87 according to (9). Additionally, the total efficiency

of the proposed shock absorber can be defined as follows:

𝜂 =
𝑃
𝑜𝑢𝑡(𝑎𝑣𝑒)

𝑃
𝑖𝑛𝑝𝑢𝑡(𝑎𝑣𝑒)

, (43)

where Pout(ave) represents the average output electrical power and

Pinput(ave) represents the average input mechanical power over an entire

loop. Pinput(ave) can be defined as the ratio of the mechanical work input

ΔW to the sinusoidal excitation period T during one cycle as follows:

𝑃
𝑖𝑛𝑝𝑢𝑡(𝑎𝑣𝑒) =

Δ𝑊
𝑇

(44)

The average output electrical power can be calculated as follows:

𝑃
𝑜𝑢𝑡(𝑎𝑣𝑒) =

3 × ∫ 𝑇0 𝑃
𝑖𝑛𝑠𝑡𝑎𝑛𝑡

𝑑𝑡

𝑇

, (45)

where Pinstant is the instantaneous electrical power of each external re-

sistor, which can be calculated by the recorded voltage V and resistance
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Fig. 12. Bench tests of the proposed regenerative shock absorber.

of each external load Re as follows:

𝑃
𝑖𝑛𝑠𝑡𝑎𝑛𝑡

= 𝑉
2

𝑅
𝑒

(46)

The instantaneous voltage of each external resistor was recorded by

a digital oscilloscope. The output curve for instantaneous voltage is pre-

sented in Fig. 14(a) with a frequency of 1 Hz and amplitude of 6 mm. The

average output electrical power Pout(ave) was analysed and illustrated in

Fig. 14(b).

The average output electrical power Pinput(ave) and average input me-

chanical power Pout(ave) for different amplitudes and frequencies are

listed in Table 4.

As shown in Fig. 15, the mechanical efficiency of the proposed shock

absorber was calculated. The mechanical efficiency of the regenerative

46



Z. Wang, T. Zhang and Z. Zhang et al. Energy and Built Environment 1 (2020) 36–49

Fig. 13. Force-displacement loops based on tests at different amplitudes.

Table 4

The input and output mechanical power with different amplitudes and frequen-

cies.

0.5 Hz (W) 1 Hz (W) 0.5 Hz (W) 1 Hz (W)

Input Input Output Output

2 mm 0.976 1.304 0.242 0.346

4 mm 2.263 3.573 0.713 1.461

6 mm 3.898 7.242 1.706 3.701

shock absorber varies from 24.8–51.1%, increasing when the frequency

increases for the same amplitude or when the amplitude increases for

the same frequency. An average mechanical efficiency of 36.44% was

obtained from the MTS tests.

The Simulations for a variety of amplitudes and frequencies in

Fig. 9 and force-displacement loops based on tests at different ampli-

tudes in Fig. 15 suggest different mechanical properties of the down-

ward progress and upward progress, which can achieve rapid shock ab-

sorption and comfortable ride experience simultaneously. The MTS test,

related analysis and calculation of results certify the high mechanical ef-

ficiency and outstanding power generation efficiency of the prototype.

As shown in Fig. 16, the proposed regenerative shock absorber can

be applied to range-extended EVs. When the EV accelerates, decelerates,

or drives over an uneven road, the regenerative shock absorbers will

Fig. 14. Voltage and power with a frequency of 1 Hz and amplitude of 6 mm.

Fig. 15. Mechanical efficiency of the shock absorber with different frequencies

and amplitudes.
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Fig. 16. Application of the proposed regenerative shock absorbers in range-

extended EVs.

collect the dissipated vibration energy and store it in supercapacitors

via the generator and rectifier circuit. Although the energy generated

by the proposed regenerative shock absorber may be little in the short

term, it can bring about considerable energy benefit in the long term.

Utilizing such a regenerative shock absorber, the cruising range of EV

could be approximately extended by 1 mile per 100 miles when driving

on a bumpy road [42]. In terms of the cost effectiveness, the proposed

regenerative shock absorber has a stable damping effect as well as the

conventional shock absorber. Due to the use of standard parts, the tech-

nology is relatively mature. After the mass industrial production, the

regenerative shock absorber not only costs almost the same with the

traditional shock absorber but also can extend the range of EVs. There-

fore, the proposed shock absorber is expected to be widely used in EVs.

6. Conclusion

In this paper, a high-efficiency regenerative shock absorber utilising

a pair of ball screws has been proposed for range-extended EVs. The vi-

bration energy is harvested and converted to electricity which used to

dissipate as heat in suspension system. The regenerative shock absorber

consists of four parts: suspension vibration input module, transmission

mechanism module, generator module and power storage module. The

simulation part shows the force-displacement loop under a variety of

amplitudes and frequencies, angular velocity of the generator shaft un-

der sinusoidal inputs and the damping coefficients with different exter-

nal resistances. Next, experiments of a homemade prototype was used

to study the performance of the system. The findings of this research are

summarized as follows:

(1) After calculating every type of loop, the experimental average lin-

ear damping coefficient CLE was calculated to be 10,580 N s/m,

which is nearly the same as the simulated linear damping coeffi-

cient (CL = =8694 N s/m).

(2) The MTS test, related analysis and calculation of results certify

the high mechanical efficiency and outstanding power genera-

tion efficiency of the prototype. The vibration energy is able to be

harvested with a peak efficiency of 51.1% and average efficiency

of 36.44%. The prototype achieved an average power output of

3.701 W in 1 Hz-3 mm sinusoidal vibration input. The electricity

generated is positively correlated with the amplitudes and fre-

quencies. As the amplitude or frequency increases, the output

power also increase.

(3) the experimental force-displacement loops have similar shapes

and characteristics to those from the simulations, both of which

reflect that the utilising of a pair of different characteristic

ball screws results in similar damping feature to the conven-

tional shock absorber: less damping in downward progress which

helps the spring absorb kinetic energy quickly and provides a

comfortable ride experience for passengers and higher damping

in upward progress which helps the spring release elastic poten-

tial energy rapidly.

Limited by the existing experimental conditions, author’s knowledge

structure, and ability level, there are some works need to be completed

in the future. Field tests with the proposed regenerative shock absorber

will be performed. According to the estimation, the range can be approx-

imately extended by 1 mile per 100 miles when EV is driving on the road

of class B with a speed of 60 km/h. But the cruising range needs to be

measured precisely. Since the proposed regenerative shock absorber is

expected to extend the range of EVs, the reliability of the regenerative

shock absorber needs to be evaluate in the future.

7. Future recommendations

There are much more work to be done in the future. The suggestions

can be summarized as follows:

(1) The ratio of the screw leads can be adjusted to meet the different

requirement of damping ratio between stretching and compres-

sion progress, which can obtain a superior shock absorption effect

and better ride comfort.

(2) How to reduce the electricity loss caused by the voltage regulator

which can adjust the generator output voltage and stabilise the

power load should be further studied in the future.

(3) In the MTS bench tests, the value of the external resistors is se-

lected theoretically as 3 Ω for obtaining the required damping

coefficient according to the linear damping coefficient of the pro-

totype in Fig. 11. While the regenerative shock absorber with dif-

ferent values of the external resistors will be tested in the MTS

experiment in order to investigate the practical mechanical feed-

back and performance.

(4) The commercialization process of the proposed regenerative

shock absorber needs to be paid attention to reduce costs, im-

prove performance, find investors and sales targets, such as the

manufacturers of EV, formulate complete business plan and sell

invention patents in the future. The methods for reducing costs

include using standard parts, batch production and so on. Adopt-

ing the 1st–4th suggestions may be conducive for improving per-

formance.
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Here we describe a heat pump system coupled with novel PV/T and thermal panels for space heating in low solar

radiation conditions. Existing solar indirect-expansion systems connect the solar panels and evaporator of the

heat pump in parallel with the heat storage tank. For our system these three components are instead connected

in series, which can stabilize the temperature at the inlet of the evaporator and decrease the inlet temperature

of the solar panels, leading to improved energy efficiency and the production of much more thermal energy. The

experimental results of this system show that the average electrical, thermal and overall efficiency of the PV/T

panels are 15.9%, 33.4% and 49.3%, respectively. The average thermal efficiency of the thermal panels is 60.4%,

the COP of heat pump is 4.7 and the room temperature is constantly over 18 °C. Based on the experimental

results, some improvements are analyzed. We conclude that this operating model can meet the requirement of

space heating in low solar radiation environments.

1. Introduction

Space heating requires the greatest proportion of energy used within

buildings, after air-conditioning, lighting and hot water [1]. In the EU

space heating accounts for 67% of total residential consumption, whilst

in China it is 54%. In the EU and China, the amount of renewable energy

used in buildings is 10% [2] and 2.6% [3] respectively, representing a

very small proportion of the total energy consumed. Hence there is a sig-

nificant potential for the application of renewable energy technologies

within buildings.

Solar energy is an abundant energy source which is potentially able

to cover a great part of the energy consumption of buildings includ-

ing hot water, space heating and electricity. Existing techniques used

to tap into this potential involve photovoltaic panels, thermal collectors

and photovoltaic/thermal panels [4,5]. Heat pump systems are another

way to transfer energy effectively. Combining the solar energy system

and heat pump technology together can significantly enhance the en-

ergy efficiency of the solar energy system and COP of the heat pump

[6]. The solar assisted heat pump system (SAHP) can be classified as a

solar direct-expansion or indirect-expansion heat pump system. For the

direct SAHP system, the solar thermal collector serves as the evapora-

tor of the heat pump. The heat transfer fluids flowing through the solar

thermal collector would be the refrigerant of the heat pump units [7].

For indirect SAHP systems the energy from the solar energy system is

∗
Corresponding author.

E-mail address: Xudong.Zhao@hull.ac.uk (X. Zhao).

transferred to the heat pump via a working fluid. Most of the indirect

SAHP systems have multiple energy sources, such as air source, ground

source or water source [8].

The air source is generally very convenient, however when the am-

bient air temperature decreases in winter the COP of the air-source heat

pump reduces because less energy is absorbed by the evaporator [9–12].

Whilst the soil can provide a stable energy source, the installation cost

of the heat exchanger underground is very high, which is unacceptable

for most families [13–15]. Taking these factors into account, a water-

source heat pump system is best for use in buildings. Wang [16] designed

a multiple function solar heat pump system which can provide space

heating in winter, cooling in summer and hot water throughout the

year/seasons. It was shown that the overall efficiency of the PV/T sys-

tem is more than 50%, and the PV/T-WSHP heating mode provides the

largest COP of 3.18. Besagni et al. [17] also investigated a multiple func-

tion solar assisted heat pump system and found that the use of a water-

source evaporator significantly increased the performance of the sys-

tem and helped to avoid defrost cycles. Bellos and Tzivanidis [18] used

PV/T panels as the energy source to drive a heat pump system. With

several days’ test in winter (January) it was shown that the daily heat-

ing and electricity production was 34.9 kWh and 5.13 kWh respectively.

It was also shown that the mean daily energy efficiency was 60.53%

and that the exergy was 9.26% for the month. Del Amo et al. [19]

theoretically and experimentally investigated a solar-assisted heat pump

https://doi.org/10.1016/j.enbenv.2019.08.001
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Nomenclature

A area, m
2

COP coefficient of performance,

Cp specific heat capacity, kJ/(kg·K)

E output power, W

G solar radiation, W/m
2

I output current, A

M mass flow rate of working fluid, kg/s

P input power, W

SAHP solar assisted heat pump system

T temperature, °C

U output voltage, V

𝜂 efficiency,

Subscripts

com compressor,

che condenser of heat pump,

che.o outlet of condenser of heat pump,

che.i inlet of condenser of heat pump,

ehe evaporator of heat pump,

ehe.o outlet of evaporator of heat pump,

ehe.i inlet of evaporator of heat pump,

pvt PV/T panel,

pvt.e electrical efficiency of PV/T panels,

pvt.i inlet of PV/T panel,

pvt.o outlet of PV/T panel,

pvt.oa overall efficiency of the PV/T panels,

pvt.t thermal efficiency of PV/T panels,

pvt.total all of the PV/T panels,

th thermal panels,

th.o outlet of thermal panel,

th.i inlet of thermal panel,

fed by photovoltaic-thermal collectors. It was shown that the working

cold temperature ranges from 10 °C to 20 °C and that the seasonal COP

rose to 4.62, from 2.96 when working between 7 °C and 10 °C. The PV/T

can provide 67.6% of the electricity demanded by the heat pump. Zhua

et al. [20] simulated the performance of a solar heat pump system in

three different cities. It was found that in severely cold regions the sys-

tem has the best feasibility and energy saving properties, whilst in hot

summer and cold winter regions the system has the best economy. For

existing solar heat pump systems, it is common for the solar panel and

heat pump evaporator to be connected in parallel with the heat storage

tank. However, this restricts the potential to strengthen the function of

the heat pump system and improve the operating performance of the

solar panels [21–23].

In order to obtain more energy under low solar radiation conditions,

a new connection method between the solar panels, water tank and heat

pump evaporator is presented for our system here. The three compo-

nents are connected in series, rather than parallel, which helps to sta-

bilize the temperature of working fluid at the inlet of evaporator. As

the energy is absorbed by the heat pump, the working fluid has a much

lower temperature at the inlet of the solar panels, which improves their

energy efficiency.

2. System description

2.1. Operational principle

The schematic of our novel heat pump coupled mini-channel PV/T

and thermal panel system is shown in Fig. 1. The solar heat pump system

is composed of a solar panel circulation system, a heat pump system

and a terminal thermal dissipation system. The solar circulation system

Table 1

Sizes and description of the components.

No Components Size Description

1 PV/T 2000×1000× 80 mm Effective area:1.85 m2

Maximum output power: 310 W

Electrical efficiency: 17%

2 Thermal panel 2000×1000× 80 mm Effective area:1.85 m2

3 Heat storage

tank

1 m3 Heigh:1180 mm

Diameter:1190 mm

Thickness of insulation: 50 mm

4 Coil-type-heat-

exchanger

1.32 m2 Quantity: 2 Diameter:15 mm

Thickness:1 mm Length:14 m

5 Heat pump 880×660× 1470 mm Refrigerant: R-22

Cooling capacity: 9.9KW

Input power: 2.1KW

Heating capacity: 12 KW

6 Inverter 400× 850× 850 mm Output power: 4 kW

Input direct voltage: 24 V

Output alternating voltage: 220 V

includes mini-channel PV/T, thermal panels and water tank. There are

two working modes based on the weather condition.

When solar radiation is high the working fluid travels through the

PV/T and thermal panels, where it is heated. One part of the high tem-

perature working fluid enters the testing room directly to provide ther-

mal energy for space heating, whilst the other part travels through the

water tank and releases the surplus energy to the water, which can act

as the energy source of the heat pump during the night.

When solar radiation is low, the heated working fluid travels through

the water tank first and then enters the evaporator of the heat pump. If

the temperature of the working fluid is too low, it will absorb energy

and be heated by the water in the tank. If it is too high, it will release

energy and be cooled by the water in the tank. The water tank acts as a

stabilizer to make sure that the working fluid travels through the evap-

orator at a stable temperature. When the heat exchange is completed in

the evaporator, the low temperature working fluid travels back to the

PV/T and thermal panel, improving their energy efficiency. By transfer-

ring energy from the solar panels, the heat pump system can provide

energy for the building constantly. The heat pump continues to work

for one out of every two hours, providing energy for building. When the

heat pump stops, the solar panels heat the water in the tank to store

energy continually.

2.2. System components and set up

As shown in Figs. 2 and 3, the PV/T panel consists a glass cover, PV

cell layer, absorber, mini-channel heat exchanger, an air vent, insulation

layer and frame. The glass cover, PV cell, EVA and TPT are laminated

together, then the absorber is attached to the backplane of the PV panel.

The mini-channel heat exchanger tubes are welded with two head tubes

in parallel, and then connected to the absorber by thermal adhesive glue.

The structure of the mini-channel thermal panel is shown in Fig. 4,

which is similar to the mini-channel PV/T panel. The difference is the

addition of an air gap between the glass cover and absorber, removing

the need for an air vent behind the mini-channel heat exchanger. The

sizes and material of each component is shown in Table 1.

A photograph of the experimental set up for the heat pump coupled

mini-channel PV/T and thermal panel system is shown in Fig. 5. The

system was constructed in Lüliang city China. The solar panel circula-

tion system is located outdoors, whilst the heat pump is placed indoors.

There are 10 PV/T and 10 thermal panels, both types connected in series

and installed with an angle of 36° facing south. The area of each panel

is 2 m
2
, with an effective area of 1.85 m

2
. The volume of the water tank

is 1000 L, with two steel heat exchangers inside.

The water-source heat pump is from Gree, with a rated compressor

input power of 2.1 kW. High and low voltage switches were installed at
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Fig. 1. Schematic of design of heat pump coupled mini-channel PV/T and thermal panel system.

Fig. 2. The structure of the mini-channel

PV/T panel.

Fig. 3. Picture of the mini-channel PV/T panel.

the import and export of the compressor to ensure a secure environment

during the system operation. The system uses two double-tube heat ex-

changers for absorbing and releasing energy. The rated heat exchange

amount of the double-tube heat exchanger is 12 kW, which is suitable

for meeting the room heating demand.

The terminal thermal dissipation system was inserted in the floor

of the testing room, which has an area of 150 m
2
. Four solar batter-

ies are used in this system, each having a voltage of 12 V and a ca-

pacity of 200Ah. The PV/T panel and solar batteries are connected

to a solar control inverter in parallel, which ensures that the PV/T

panel generates electricity at the maximum point and converts DC to

AC.

3. Experimental description

3.1. Measurement parameters

Thermocouples were used to measure the temperatures of ambient

air, solar panel, working fluid at the inlet and outlet of the panel, evapo-

rator and condenser of heat pump and water in the tank. The flow meter

was used to measure the flow rate of working fluid in the PV/T panel,

thermal panel, evaporator and condenser of the heat pump. Power sen-

sors were used to measure the output power of the PV/T panel and

input power of the heat pump. A pyranometer was used to measure the

solar radiation. Two pressure gauges were installed to measure the pres-

sure variation of the pipe. Two computer and data loggers were used to

record the testing data.

3.2. Performance evaluation

The heat product of the PV/T panels can be expressed as:

Q
𝑝𝑣𝑡
= 𝐶

𝑝
𝑀

𝑝𝑣𝑡

(
𝑇
𝑝𝑣𝑡.0 − 𝑇𝑝𝑣𝑡.𝑖

)
(1)

Where Qpvt is the heat product by the PV/T panels (W), Cp is the specific

heat capacity of the working fluid (kJ/(kg·K), Mpvt is the mass flow rate

of working fluid in PV/T panel (kg/s), Tpvt.0 and Tpvt.i is the temperature

at the outlet and inlet of the PV/T panel (°C), respectively.

The thermal efficiency of the PV/T panels can be given as:

η
𝑝𝑣𝑡.𝑡

=
Q
𝑝𝑣𝑡

𝐺𝐴
𝑝𝑣𝑡.𝑡𝑜𝑡𝑎𝑙

(2)

Where 𝜂pvt.t is the thermal efficiency of the PV/T panel, G is the solar

radiation (W/m
2
) and Apvt.total is the total effective area of the PV/T

panels (m
2
).

The power output of the PV/T panels can be described as:

E
𝑝𝑣𝑡
= U

𝑝𝑣𝑡
I
𝑝𝑣𝑡.𝑡𝑜𝑡𝑎𝑙

(3)

Where Epvt is the total output power of the PV/T panels (W), Upvt is the

output voltage of PV/T panels (V) and Ipvt.total is the total output current

of the PV/T panels (A).
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Fig. 4. Sectional view of the mini-channel solar

thermal panel.

Fig. 5. Set up of the system.

The electrical efficiency of the PV/T panel (𝜂pvt.e) can be given as:

η
𝑝𝑣𝑡.𝑒

=
E
𝑝𝑣𝑡

𝐺𝐴
𝑝𝑣𝑡.𝑡𝑜𝑡𝑎𝑙

(4)

The overall efficiency of the PV/T panels (𝜂pvt.oa) can be expressed

as:

η
𝑝𝑣𝑡.𝑜𝑎

= η
𝑝𝑣𝑡.𝑒

+ η
𝑝𝑣𝑡.𝑡

(5)

The thermal efficiency of the thermal panel (𝜂th.t) can be given as:

η
𝑡ℎ.𝑡

=
𝐶
𝑝
𝑀

𝑡ℎ

(
𝑇
𝑡ℎ.0 − 𝑇𝑡ℎ.𝑖

)

𝐺𝐴
𝑡ℎ.𝑡𝑜𝑡𝑎𝑙

(6)

Where Mth is the mass flow rate of working fluid in thermal panel (kg/s),

Tth.0 and Tth.i is the temperature at the outlet and inlet of the thermal

panel (°C), respectively.

The heat absorbed by the evaporator can be described as:

Q
𝑒ℎ𝑒

= 𝐶
𝑝
𝑀

𝑒ℎ𝑒

(
𝑇
𝑒ℎ𝑒.0 − 𝑇𝑒ℎ𝑒.𝑖

)
(7)

Where Qehe is the heat absorbed of the evaporator (W), Mehe is the

mass flow rate of working fluid in the evaporator (kg/s), Tehe.0 and

Tehe.i are the temperatures at the outlet and inlet of the evaporator (°C),

respectively.

The heat released by the condenser can be described as:

Q
𝑐ℎ𝑒

= 𝐶
𝑝
𝑀

𝑐ℎ𝑒

(
𝑇
𝑐ℎ𝑒.0 − 𝑇𝑐ℎ𝑒.𝑖

)
(8)

Where Qche is the heat released of the condenser (W), Mche is the mass

flow rate of working fluid in the condenser (kg/s), Tche.0 and Tche.i are the

temperatures at the outlet and inlet of the condenser (°C), respectively.

The COP of the heat pump system can be expressed as:

COP =
Q
𝑐ℎ𝑒

𝑃
𝑐𝑜𝑚

(9)

Where Pcom is the input power of the compressor (W).

4. Experiment results and analysis

The experimental test was carried out from 15th to 19th and 21st

to 22nd December 2016. The testing time of the system was from 9:30

to 16:00 each day. The results for these days are shown in Table 2 and

one typical day’s results were selected to show the performance of the

system.

The variation of the solar radiation and ambient temperature on

a typical day is shown in Fig. 6. The solar radiation increases from

200 W/m
2

to 525 W/m
2

in the morning (9:30–12:30), then drops to
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Table 2

Testing results at the selected dates.

Date Radiation(W/m2) Temperature °C System performance (%)

2016 G T
a

𝑇
𝑖

𝑤𝑡
𝑇
𝑓

𝑤𝑡
𝜂

th.t
𝜂

e.PVT
𝜂

pvt.t
𝜂

pvt.o
COP

15/12 421.4 2.2 15.2 30.5 59.4 15.6 31.4 47.0 4.7

16/12 380.2 3.3 15.5 28.3 57.1 16.2 33.1 49.3 4.6

17/12 410.2 4.5 14.8 29.9 58.8 15.3 33.7 49.0 4.8

18/12 431.3 5.1 15.3 30.4 60.8 15.1 31.4 46.5 4.9

19/12 354.9 2.4 14.1 27.2 56.5 15.4 32.2 47.6 4.5

21/12 368.6 2.7 14.7 28.8 57.3 16.0 32.8 48.8 4.6

22/12 413.6 1.8 15.2 29.7 60.4 15.9 33.4 49.3 4.8

Fig. 6. Solar radiation and ambient temperature

on a typical day in December.

Fig. 7. Output voltage and current of the PV/T

panels.

175 W/m
2

by 16:00. The average solar radiation is around 413 W/m
2
,

which is low compared with the figure for March (average value: above

700 W/m
2

[6]). The ambient temperature increases slowly from −2 °C

to 6 °C during the testing process.

Fig. 7 shows the variation of output voltage and current for the PV/T

panels throughout the day. The voltage and current are impacted by the

solar radiation, solar control and inverter. The output voltage varies

inversely with solar radiation, decreasing from 80 V to 70 V then fluctu-

ating between 70 and 80 V. The output current varies with solar radia-

tion, increasing from 5.3A to 15.3A, then drops to 5.3A again. Maximum

power production is achieved around 12:45 when the system produces

72 V and 15.3A, giving an output power of around 1100 W.

Fig. 8 shows the variation of the electrical efficiency throughout the

day. It shows an opposite trend to the solar radiation, as a higher tem-

perature leads to a lower efficiency. The average electrical efficiency of

the PV/T is 15.9% during the testing process.

Fig. 9 shows the variation of the temperature at the inlet/outlet of

the PV/T panel and the average absorber temperature. All 3 measured

temperatures show a similar trend; when the heat pump is operating, the

temperatures decrease slowly and when the heat pump is not operating

the temperatures show a similar trend to the incident solar radiation.

This is due to the energy produced by the solar panels being lower than

the total energy released to the tank and absorbed by the heat pump

whilst the pump is operating.
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Fig. 8. Variation of the electrical efficiency of

the PV/T panels.

Fig. 9. Variation of the temperature at the in-

let/outlet of the PV/T panels and average ab-

sorber temperature.

The heat product and thermal efficiency of the PV/T panels are

shown in Fig. 10. When the heat pump operates, the working fluid tem-

perature at the inlet of panels is very low which can improve the thermal

efficiency. As the heat pump operates, its cooling capacity decreases,

leading to the energy absorbed from the solar panel decreasing too.

Therefore, during this process, the thermal efficiency decreases slowly.

When the heat pump stops, the thermal efficiency and heat product of

the PV/T panels show a similar trend as the incident solar radiation. The

average thermal efficiency of PV/T panels was 33.4% during the testing

process.

Fig. 11 shows the variation of the temperature at the inlet/outlet and

the average absorber temperature in the thermal panel. Being impacted

by the heat pump and solar radiation, it shows a similar variation trend

as the PV/T panels.

The heat product and thermal efficiency of the thermal panels is

shown in Fig. 12. We see the same variation trend as for the PV/T panels.

The average thermal efficiency of the PV/T panels was 60.4% during the

testing process.

Fig. 13 shows the variation of the mixed outlet temperature of the

PV/T and thermal panels, the water temperature in the tank and the out-

let temperature of the tank. Between 9:30 to 10:00 and 15:00 to 16:00,

the inlet temperature of the tank is lower than the outlet temperature.

This is due to the solar radiation being too low, whilst the working fluid

is being heated by the water in the tank.

Fig. 14 shows the variation of the temperature at the inlet/outlet and

the heat gain of the evaporator. When the heat pump is operating the

temperature difference between the inlet and outlet of the evaporator

ranges from 8 °C to 11 °C. The heat gain of the evaporator ranges from

6000 W to 11,000 W, which is impacted by the temperature difference

and changing flow rate of the working fluid.

Fig. 15 shows the flow rate of the working fluid in the PV/T, ther-

mal panel, evaporator and condenser. The working fluid is anti-freezing

liquid, composed of a mixture of water and ethylene glycol. The lower

the temperature, the higher of the viscosity, which means that the flow

rate is inversely proportional to the temperature.

The variation of the temperature at the inlet/outlet and the heat

gain of the condenser is shown in Fig. 16. They have a similar trend

as that of the evaporator. The temperature difference between the inlet

and outlet ranges from 4 °C to 6 °C, whilst the energy released by the

condenser ranges from 7200 W to 12,000 W.

Fig. 17 shows the variation of the input power and COP of the

heat pump system. As the temperature at the outlet of the condenser
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Fig. 10. Heat product and thermal effi-

ciency of the PV/T panels.

Fig. 11. Variation of the temperature at in-

let/outlet of the thermal panels and average

absorber temperature.

Fig. 12. Heat product and thermal efficiency

of the thermal panels.
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Fig. 13. water temperature in the tank, outlet temperature of

tank and mixed outlet temperature of PV/T and thermal panels.

Fig. 14. Variation of the temperature at the in-

let/outlet and heat gain of evaporator.

Fig. 15. Flow rate of the working fluid in the PV/T,

thermal panel, evaporator and condenser.
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Fig. 16. Variation of the temperature at the

inlet/outlet and heat gain of condenser.

Fig. 17. Variation of the input power and COP

of the heat pump system.

Fig. 18. Variation of the room temperature on the testing

day.

increases, the input power of the heat pump also increases. As the heat

released by the condenser decreases and the input power of heat pump

increases, the COP of the heat pump decreases. The average COP of the

heat pump was 4.7.

The variation of the room temperature is shown in Fig. 18. As the

ambient temperature and heat released by the condenser are increasing,

the room temperature also gradually increases from 18 °C to 20.6 °C.

This shows that the energy provided by the system can meet the heat

demand of the building.

5. Suggested routes for system simplification and reconfiguration

The energy source of this system contains solar thermal panels,

PV/T panels, heat pump. Each number of the thermal and PV/T pan-

58



J. Zhou, X. Zhao and Y. Yuan et al. Energy and Built Environment 1 (2020) 50–59

els are 10 which is high costing and needs large installation space.

While the water-source heat pump just can absorb energy from so-

lar system which has a limited energy source. From the above ex-

perimental testing and result analysis, the following measures are

suggested:

(1) Replace the water-source heat pump with double-source heat

pump (water and air): The water-source heat pump is limited to

operate in the night (2 h) and low solar radiation condition which

has a short working time. Hence, the double-source heat pump

has a much longer operating time which can provide energy for

building in the night, rainy and snow days.

(2) Minimised use of the PV/T and thermal panels: Use of the two

types of panels should be minimised owing to relatively high cost

and large space. The logic of the design is to achieve equalisation

between the year-round PV electrical generation and the electri-

cal demand for the winter heating.

(3) Removal of batteries: It is proposed to feed the PV electricity di-

rectly into the local grid without the use of batteries that are for

electrical storage. While the electricity needed for winter heating

could be imported from the local grid. This will greatly simplify

the electrical system and lower its cost.

By implementing one or more of the above measures, the configu-

ration of the system can be significantly simplified and the cost of the

system is expected to be significantly reduced.

6. Conclusion

We presented a novel system for space heating and electricity genera-

tion which combined a heat pump with mini-channel PV/T and thermal

panels. The performance of the system was examined on a daily basis

during the winter at low solar radiation in Lüliang city. To obtain more

energy the solar panels, water tank and evaporator of the heat pump

are connected in series, reducing the inlet temperature of solar pan-

els and hence improve the energy efficiency. The results show that the

average electrical, thermal and overall efficiency of the PV/T panels are

15.9%, 33.4% and 49.3%, respectively. The average thermal efficiency

of the thermal panels is 60.4% and the COP of heat pump is 4.7. The

room temperature stays above 18 °C during the testing process. With the

improvements presented on this system, its initial cost can be reduced

and its features will be more prefect. Therefore, this paper provides an

acceptable working model for a solar assisted heat pump system under

low solar radiation conditions.
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a b s t r a c t

With the depletion of fossil fuel and increasing environmental concerns, the modernized era of technology is

urgently in need for sustainable and eco-friendly materials. The industrial sector certainly possesses enough

resources for the production of available cost-effective, renewable, reusable, and sustainable raw materials. Ul-

tralight, eco-friendly and renewable cellulosic aerogels are one of the most accentuated materials in the polymer

research field due to their highly abundant and inexpensive raw material, biocompatibility, high specific surface

area and other feasible properties. This review summarizes the recent progress in cellulosic aerogels, their main

processing route, including a detailed description of versatile new solvents along with some essential properties

of cellulosic aerogels and illustrate how their variety of chemical functionalities can be adjusted for applications

in the fields of thermal insulation, fire retardant, antibacterial, CO
2

capture and energy storage systems. A de-

tailed morphological analysis has been elaborated and effect of processing route, solvent medium and drying

procedure on the morphology of cellulosic aerogels is also decribed. Finally, we propose some suggestions to the

functionalization such as silanized cellulosic aerogels and their applications in antibacterial activity yet they are

still in progress and need further study for future research.

1. Introduction

Exploitation of cellulosic material is an amazingly extensive subject;

it dates back thousands of years when cellulose was utilized as cotton,

wood, and other plant fibers as an energy source, for building materials,

and clothing. Since the Egyptian papyri, an abundant piece of human

culture has been grown by cellulosic materials [1]. Cellulose, as one of

the main components of cellulosic bioresources, is well-thought-out of

an alternative for petroleum-based polymers, with enthralling proper-

ties to run into the outstanding market for biocompatible, biodegrad-

able and sustainable materials [2]. Being entirely biocompatible and

compostable, cellulosic derivatives, for example, cellulose fibers, cellu-

lose hydrogels and aerogels, cellulosic composites, and cellulose-based

films, hold an excessive benefit when contrasted with synthesized poly-

mer equivalents [3].

The ultimate resource of cellulosic materials come from lignocellu-

losic biomass, which thereby acquired from wood, agricultural residues,

waste cotton linters, etc. [4]. Cellulose is a homo-polysaccharide com-

prising straight chains of connected anhydro-glucose units [5]. They are

immune from water dissolution and have a hierarchical structure includ-

ing aligned and misaligned chains which contribute to incredible physi-

cal and chemical properties. The molecular accumulation inside the cell
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architecture adds to its excellent materials properties [6]. The phenom-

ena of aggregation are principally through both inter and intramolec-

ular hydrogen bonding inside the cellulosic chains. These chains are

organized parallel way and are well sorted into a sheet-like structure

which firmly stiff due to interchain OH– O hydrogen bonds, while weak

CH–O hydrogen bonds and Van der Waals dispersion forces results in

the stabilization of piling up of these cellulosic sheets [7]. Inside the

layered structure, cellulose molecules unite together into bigger units,

known as elementary fibrils or microfibrils (∅ ∼ 3 − 4nm; l ∼ 1 − 2μm)
[8]. The microfibrils are combined into bigger units, designated as

macrofibrils (∅ ∼ 15 − −60 nm), which gather into the natural cellulose

fiber (∅ ∼ 20 − 50 μm; l ∼ 1 − 4 mm) [9]. Nanofibrillated cellulose or cel-

lulosic nanofibrils gives strength, and stiffness to the plant framework.

They are derived from the lignocellulosic biomass hereafter termed as

"nanocellulose" [10].

Cellulose pulp fibers after derived from lignocellulosic raw materials

contain the open structure which is considered to be a porous template

comprising of nanocellulose aggregates. The expressions "aerogel" and

“foam/sponge" are used to depict these nanocellulose-based porous ma-

terials [11]. According to past reports, the aerogel is defined as “a solid

material with an extremely low density in between 0.001 and 0.2 g∕cm3,
high porosity (≥ 90%) with pore size in between 2 − 50 nm, and high spe-
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Fig. 1. Several publications concerning the publication year (Sci-

enceDirect record) during the last twenty years covering ‘cellulose

aerogel’ as primary content. (Date of search: 23
rd

June 2019).

cific surface area (200–600 m
2
/g) produced by the substitution of liquid

inside a gel with the gas.” It is a widespread expression representing a

material which is spawned from natural, hybrid molecular precursors or

inorganics compounds, that ordinarily produced by wet gels via sol–gel

process and a suitable drying technique with which a highly intercon-

nected porous structure is preserved. These wet gels (usually a hydrogel)

experiences many solvent-exchange stages of substituting the water with

an organic solvent hence forming an organogel. The organogel is then

dried under supercritical environment to produce the aerogel, a proce-

dure in which an extremely porous structure with three-dimensional ar-

chitecture is preserved [12,13]. In contrast, foams are defined as “a solid

material with extremely high porosity (≥ 50%) having micro-metric pore

dimensions” [14].

Kistler in 1930s presented aerogels for the first time when he re-

moved the liquid from hydrogels utilizing a supercritical drying method

to get a durable material filled by air inside with almost similar size

as their original wet gel [15]. However, recent studies show many

signs of progress in the drying techniques of aerogels and their pro-

duction strategy. Aerogels of several types are developed such as or-

ganic (i.e. polyurethane, resorcinol-formaldehyde [16], polystyrene,

polyimide etc.) [17,18], inorganic, (i.e., SiO2 produced from different

alkoxysilanes Al2O3, TiO2, ZrO2, SiC and so on.) [19–24] and carbon

(i.e. carbon nanotubes, carbon and graphene) [25,26]. Following these

remarkable discoveries, aerogel is genuinely a broad topic in scientific

research because of the advancement of the aerogel after Kistler’s in-

vention has been raised and the number of publications comprising ‘cel-

lulosic aerogel’ as the main content of research during the last twenty

years also significantly increased as shown in Fig. 1. An increasing trend

in Fig. 1 can be observed after 2005, which is indicating the significant

research attention by the scientific community on this topic during the

last decade due to the exploration of its outstanding application such as

electrocatalyst support, absorption and adsorption and so on.

Recently, cellulose and cellulosic materials have acquired extensive

attention for the development of aerogels because of its biodegradabil-

ity, sustainability and nanosized structure [27]. Duong Hai Minh in 2016

addresses a novel recyclable cellulosic aerogel and won the 2016 Tech-

Connect Innovation Award. He and his coworkers created the world’s

first green cellulosic aerogels manufactured from paper waste. It is likely

to be used as coating materials for drug delivery, along with smart ma-

terials for biomedical applications [28]. Thus, cellulosic aerogels have

earned exceptional importance in research field not merely because of

their distinct quintessential physical and chemical properties, true sus-

tainability and renewability but also because of their regeneration tech-

nique and physical dissolution from non-derivatizing cellulose solvents

that are eco-friendly, simple, low-cost, holding great capabilities and

easy for industrialization which is discussed in section of “suitable sol-

vents for cellulose”. These exceptional properties of cellulosic aerogels

are promising for various applications, including energy storage devices,

[29] sensors, [30,31], pollutant treatment, [32,33] thermal insulation

materials [34] and so on. Recently, several reviews on cellulose-based

material have been published reporting new production strategies, es-

sential material properties, surface modification techniques, characteri-

zation, and potential applications, to which the readers are directed for

further knowledge [35–38].

This review aims to deliver a comprehensive explanation of the

preparation methods of cellulosic aerogels including (i) feedstock for

cellulosic aerogel; (ii) identifying the processing route including various

suitable solvents for cellulose and drying technology (iii) elaborating es-

sential properties, and finally (iv) the application of cellulosic aerogels

in widespread fields.

2. Preparation of natural cellulosic aerogel

2.1. Feedstock for Natural Cellulosic Aerogel

The excellent biodegradability, renewability and abundance across

the world, gives a broad range of feedstock for cellulose and cellulose-

based materials such as corn straw [39], palm fruit bunches [40],

cannabis [41], rice husk [42], wheat husk [43], potato tubers [44], pa-

per waste [45], bagasse [46], durian shell [47], cotton [48], pine nee-

dles [49], jute fibers [50], rice straws [32], wheat straws [51], wood

[52,53], bagasse [54], Lupin hull [55] etc. The properties, structure,

and performance of cellulosic aerogel are mostly subjected to two fac-

tors: (1) the processing methods which include various disintegration

processes and (2) the raw materials from which it is derived such as

its size, thermal stability, degree of polymerization, and degree of crys-

tallinity. The plant biomass in forests is the principal raw material for

cellulosic aerogels including wood as the predominant source. Other

renewable resources such as water plants, grasses, agriculture residues,

etc. are also considered to be an essential cellulosic aerogel source. Apart

from plant biomass, cultures of bacteria such as Acetobacter xylinum,

Gluconacetobacter xylinum, etc. is also utilized to make cellulose-based

materials [56,57].

2.2. Preparation of nanocellulose extraction from lignocellulosic biomass

Biomass such as cotton and bleached fibers contains cellulose in its

pure state (99.9%), but other renewable resources such as lignocellulosic

biomass possess up to 38–50% cellulose along with other constituents,

such as hemicellulose (23–32%), lignin (12–25%), inorganic salts and

ashes [58,59]. The microstructure of lignocellulosic biomass shows the

hierarchical structure of cell wall layers where cellulose is present in the

form of clusters of fiber packets called microfibrils [60]. Each microfibril

is made up of groups of parallel aligned chains of cellulose molecules

called elementary fibrils. These elementary fibrils are examined as a

flexible hair strand which is composed of crystalline and amorphous

regions of cellulose [9]. Additionally, the ordered crystalline regions

are composed of an intertwined and robust linkage of hydrogen bonds

within the cellulose molecules which gives strength and toughness to

elementary fibrils whereas disordered amorphous region imparts brittle

behavior and thus preferentially degrades to release nanoscale cellulose

[61].

The term “nanocellulose” referred to different cellulosic materials

with not more than (or equal to) 100 nm as one of their dimensions, and

their difference in physical and chemical properties based on their types

and production methods [62]. They are also called “Cellulose I” which

occurs in living plants with the most extensive crystalline form com-

prising a sequential arrangement of crystallites and disordered amor-
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phous regions [63]. They possess varying size and morphology based on

their sources and production methods and are well suited for the fab-

rication of advanced materials such as hydrogels, aerogels, films, etc.

owing to their outstanding mechanical, physical and chemical prop-

erties [64]. There are mainly three types of nanocellulose: cellulose

nanocrystals (CNCs or NCC), cellulose nanofibrils (CNFs or NFC) also

known as microfibrillated cellulose (MFC), and bacterial nanocellulose

(BNC). CNCs and CNFs are formed via a top-down method comprising

mainly of the disintegration of lignocellulosic biomass whereas BNC is

made by a bottom-up approach integrating cultures of bacteria to form

cellulose microfibrils without the hierarchical structure as obtained in

lignocellulosic biomass [65,66]. The extraction of nanocellulose (CNCs

and CNFs) from lignocellulosic biomass is a complicated procedure due

to the recalcitrance of plant cell wall. This recalcitrance is because of

the highly crystalline structure of cellulose, which is enclosed in a hi-

erarchical structure of cell wall layers [67]. Therefore the disintegra-

tion of nanocellulose must comply according to particular conditions,

for example, overcoming the recalcitrance of cell wall, avoiding struc-

tural collapse or loss of cellulose, not using considerable energy, and

preventing hazardous and toxic waste [68]. Initially, the components

such as hemicellulose, lignin, wax on the outer surface of the fiber cell

wall are removed by multiple bleaching and cooking methods which are

comparable to those employed in the papermaking industry [69,70]. Af-

terward, many types of pretreatment methods, for example, mechanical

(grinding and milling); chemical (acidic hydrolysis, oxidation, alkaline

hydrolysis, use of ionic liquids or organic solvents); biological; and mul-

tiple or combined pretreatments (hydrothermolysis, wet oxidation, and

steam explosion/autohydrolysis) are employed to obtain nanocellulose

which are already discussed in previous studies [71].

2.3. Processing route for natural cellulosic aerogel

Cellulosic aerogels are produced after a series of steps which are care-

fully perform under specific conditions. A generally accepted strategy

for the production of cellulosic aerogels includes the following proce-

dures: (i) suitable solvents for dissolving cellulose, (ii) gelation and pore

formation, (iii) solvent exchange and pore adjustment, (iv) Gel drying

processes [72]. These step-by-step procedures are usually followed in

the production of natural cellulosic aerogel.

2.3.1. Suitable solvents for cellulose

Cellulose is one of the main components of lignocellulosic mate-

rials which do not possess the characteristics of thermoplastic poly-

mers. It generally degrades before melting due to its chain-like struc-

ture comprising plenty of hydroxyl groups. However, due to its well-

defined structure, high crystalloid and robust inter- and intra-molecular

hydrogen bonding resulting from the hydroxyl groups they are insol-

uble in water and are inaccessible to many organic and inorganic sol-

vents [73,74]. Moreover, the primary challenge to dissolve cellulosic

chains is due to the ample reduction in entropy which specifically occurs

while dissolving these chains owing to their long chain characteristics. If

examining, for instance, conventional polymers such as polypropylene

or polyethylene, the number of potential solvents are not more impor-

tant because unlike cellulose these are melting polymers [75]. Thus, the

molecular weight is a critical factor for cellulose dissolution; the higher

the molecular weight of cellulose, the weaker is the entropic driving

force participating in the dissolution process [76].

In cellulose dissolution, the solvent must have the ability to diffuse

into cellulosic chains and separate its crystalline and amorphous regions.

Inside crystalline regions, the solvent must directly attack the strong in-

termolecular bonding (hydrogen bonding and hydrophobicity) and the

amorphous regions should also be split from each other. The mechanism

reveals five phases for the dissolution of cellulose at the cellulose-solvent

interface as shown in Fig. 2. Firstly, the solid phase of cellulose places

contiguous with the solvent Fig. 2a, then the solvent swells the solid

phase at the interface which operates above Tg, Fig. 2b. The swelling

of a polymer is defined as a process in which the solvent molecules in-

filtrate and slightly react with the cellulose structure causing a change

in volume and physical properties while the solid, or semi-solid compo-

nents, remain substantially unchanged. This swelling increases up to the

point of disentanglement, Fig. 2c. Afterward, the cellulosic chains can

depart from the swelled phase to the solvent phase, Fig. 2d, and the sol-

ubilization front can develop inside the solid material, Fig. 2e. Thus, for

an active solvent to dissolve cellulose, the required characteristics are

the capacity to release/untwine cellulosic chains, high diffusivity, and

disruptive towards the crystalline network [77–79]. According to early

studies, many aqueous and non-aqueous solvents were made for the cel-

lulose dissolution, yet those solvents were failed due to certain draw-

backs, such as toxicity, high cost, insufficient solvation control, volatil-

ity and trouble in solvent recovery which does not meet the required

characteristics [80,81]. Nevertheless, many feasible solvents system for

the dissolution of cellulose are produced which are categorized into

two primary groups, derivatizing, and non-derivatizing solvents, and

the latter can further be classified into two subgroups, namely, aque-

ous and non-aqueous media. The group of “derivatizing” solvents, as

the name implies, are those who transform the cellulose before disso-

lution. These solvents react with one, or several of the three reactive

hydroxyl groups in the cellulosic chains, thus giving it further solubility

in conventional solvents. They include methods for the dissolution of

cellulose in sequence with the development of “unstable” acetal, ester

and ether derivatives. The term “non-derivatizing” represents systems in

which dissolution of the polymer is merely due to intermolecular inter-

actions. These solvents do not transform the cellulose before dissolution

but preferably dissolve its chains by disrupting the forces which hold

them together without any chemical modification. They are not lim-

ited to the use of cellulose dissolution and regeneration, but can also

be utilized to produce some essential and highly engineered cellulose

derivatives. Regardless of precise interaction, metallic ions in aqueous

solution do not exhibit covalent interaction and are usually comprised

in this solvent category [82–84]. Molten salt hydrates which is defined

as “a liquid with a molar water-salt ratio near to the coordination num-

ber of the strongest hydrated ion, generally a cation” are also found to

be a competent non-derivatizing solvent system for cellulose owing to

their attractive characteristics such as recyclability, non-toxicity, cost-

effectiveness etc. [85]. Unlike other non-derivatizing solvent systems,

molten salt hydrates do not require pretreatment step before cellulose

dissolution, which advances them to be attractive cellulose solvent [86].

However, the critical factors which influence the dissolution of cellulose

by molten salt hydrates include composition, hydration deficiency of the

coordination sphere, water amount, and acidity [87].

In the last decade, the scientific community has made remarkable

contributions in the field of cellulose dissolution. For example, Ander-

son [88] proposed that it is easy to dissolve cellulose deprived of deriva-

tization in 1–butyl–3-methylimidazolium chloride (BmimCl) and corre-

spondingly recovered by the addition of water. Robin D. Rogers won

US Presidential Green Challenge award in 2005 for presenting ionic liq-

uids as suitable solvents for dissolving cellulose. Accordingly, in biomass

chemistry, many investigations are carrying out on the operation of ionic

liquids (ILs), and several types of ILs can break down cellulose, provid-

ing the reaction media for functionalization of cellulose owing to the

production of cellulosic composites [89]. Thomas Heinze achieved the

2010 Anselme Payen Award of the ACS for revealing non-derivatizing

solvent system known as tetrabutylammonium fluoride/dimethyl sul-

foxide, and cellulose-derivation reactions in several mediums. Lina

Zhang was granted the 2011 Anselme Payen Award of the ACS for her

approach to physically dissolve cellulose in NaOH/urea aqueous solu-

tion with cooling subsequently uncovered a new pathway in cellulose

dissolution noted as “a milestone in the history of cellulose processing

technology.” Hans-Peter Fink earned the Anselme Payen Award of the

ACS in 2012 for extending the environmental friendly approach of cel-

lulose carbamate as a derivatizing solvent in consolidation with NMMO

(N-methylmorpholine N-oxide) solvent system as an innovative method
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Fig. 2. The primary mechanism for the dissolution of

cellulose at the cellulose-solvent interface. (a) Cellu-

losic solid phase in contact with a solvent (b) Swelling

of the solid phase (c) Point of disentanglement (d)

Relocation of cellulosic chains from swelled phase

to the solvent phase (e) Advancement of solubiliza-

tion front. For more details see [77]. Reprinted by

permission from: [Elsevier] [Carbohydrate Polymers]

[Patrick Navard, (2013) “The European Polysaccharide

Network of Excellence (EPNOE)" Carbohydr Polym.

2013 Mar 1;93(1):2], [2013].

for developing high modulus specialized cellulose fibers through liquid

crystalline solutions. Tetra–n–butylammonium (e.g., TBAH and TBAF)

with assistant solvents (e.g., THAF and DMSO) are found to be suitable

direct solvent for natural cellulose for controllably processing into lam-

ina and spinning [90,91].

Most recently, the synthesis of a series of new dual functionalized

ILs by the alternative ZI pathway is defined for the effective dissolution

of cellulose [118].

Early reports suggest that ILs could be an essential player to dis-

solve biomass resources, such as shrimp shell, straw, wood [119,120]

and the dissolved biopolymers are easily regenerated by adding suffi-

cient anti-solvent, e.g., DI water. However, there are some shortcom-

ings of ILs as cellulose solvents such as their insufficient improvement

in proper purification methods, expensive production, high responsive-

ness to moisture, and high viscosity [121]. Regardless of their draw-

backs, ILs also possess prominent aspects as excellent solvents for cellu-

lose. At present, scientists are concern to overcome these limitations by

improving ILs/cellulose interactions, promoting effective recycling pro-

cedures, techniques to reduce the inherent shortcomings of ILs regarding

their chemical and physical properties, e.g., melting point, hydrophilic-

ity, and viscosity. Eventually, these works will allow the effective utiliza-

tion of ILs as cellulose solvents [122]. Table 1 depicts a series of solvents

with a vast variety of compounds which are being used to dissolve cellu-

lose leading to regenerated cellulose materials. According to Table 1, the

ionic liquids (ILs) containing bicomponent such as TBAF/DMSO [104],

TBAH-DMSO [105] are efficient solvents for cellulose by dissolving 95–

100% cellulose by mass with a much shorter time than other solvents.

It can be noted in Table 1 that (Triton B) is another excellent solvent

with dissolving concentration of 98% cellulose. However, the dissolu-

tion time is 24 h, which is much higher than the solvents mentioned

above [97].

2.3.2. Gelation and pore formation

Fabrication of cellulosic aerogel comprises a series of steps in which

the most critical and determining stage is the generation of a three-

dimensional porous structure. In the past record, several cellulosic

porous materials that are principally macroporous (∅ ≥ 50 nm) have

been designated by many studies as "aerogel," whereas the more spe-

cific term must be a sponge or an open-cell foam since their porosity

is not mainly in the mesoporous range (2 nm ≤ ∅ ≤ 50 nm) [123,37]. As

opposed to synthetic or inorganic aerogels, the starting material in cel-

lulosic aerogels is not a colloidal suspension or a solution of monomers,

but rather a solution of “ready” polymer. These ready polymeric chains

are merged to create a sponge-like three-dimensional interconnected

network better-known as a gel in which clusters are filled with another

substance (usually a liquid) [124]. While sol–gel methods usually gener-

ate silica aerogels, this technology does not apply to cellulosic aerogels,

as the formerly precipitated porous cellulosic structures instantly col-

lapse upon contact with protic media and traditional drying. Cellulose-

derived aerogels are fabricated via complex gelation process [125]. The

term "gelation" is commonly described as the formation of intercon-

nected polymer network or simply the "solidification" of polymeric solu-

tions by the intermolecular interaction (hydrogen bonding, hydrophobic

interactions etc.) [126]. Gelation of a cellulosic solution does not con-

stitute an explicit strategy compared to gelling other polysaccharides,

e.g. pectin, carrageenan or alginate that require only the insertion of

metal ions. or change of solution pH or of aqueous starch pastes which

are gelling through retrogradation. Typically, there are two mechanisms

for the solidification of the cellulosic solution: either by segregation of

cellulosic chains or by phase separation.

Phase separation is defined as, "When a homogeneous multicom-

ponent system shows thermodynamic instability under specific condi-

tions, it tends to separate into more than one phase to decrease the

system free energy." A type of phase separation process namely ’liquid-

liquid demixing’ uses thermodynamic systems to form polymer-rich and

polymer-poor phases inside a polymer solution [132]. During liquid–

liquid demixing the phase separation takes place by two approaches:

either by nucleation/growth (i.e., the nuclei of one phase advances in

the mixture) or by spinodal decomposition (i.e., a periodic fluctuation

of concentration resulting in the final phase) [126]. In cellulosic chains,

condensation of small clusters such as cages and rings forms linear or

branched polymer chains which are responsible for the segregation of

cellulosic chains [124]. The final structure and gelation kinetics of gels

mainly depend on the nature of the cross-links created within the poly-

meric chains. Two types of cross-links can be found: physical cross-links

and chemical cross-links. Physical cross-links consist of nearly weak

forces such as physical entanglements by increasing the concentration of

cellulose, van der Waals forces, hydrophobic or electronic associations,

and hydrogen bonding, whereas chemical cross-links are based on cova-

lent bonding or multivalent functionalization yielding stabilized struc-

ture, adequate swelling, and high stiffness within cellulosic gels [127].

In the last decades, efforts have been made to improving the gela-

tion process of cellulosic aerogels by incorporating various additives.

For example, graphene oxide sheets (GOSs) were embedded into the

cellulose matrix by physical cross-linking, and found that the gelation

time was prominently reduced from 853 s to 377 s with just 0.1 wt%

addition of GOSs [128]. Addition of ethanol into NaOH/thiourea/H2O

solvent system caused the gelation time significantly reduced up to 63%

[129]. It was reported that electrolytes such as calcium chloride can

alter the charge distribution in the solution and enhance the physical
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Table 1

Detailed description of solvents for cellulosic materials.

Solvents Cellulose resource Dissolution

(wt%)

Dissolution

temperature (°C)

Dissolution

time (min)

Solubility

(%)

Ref.

Transition

metal

complexes

Cadmium ethylenediamine

(Cadoxen)

Cotton linters – 22.5 – – [92]

Cadmium complexing

Cd-tren (tren= tris(2-

aminoethylamine).

Cotton linters – -15 1440 – [93]

Cuen Paper pulp – 30 60 >95 [94]

Cuoxam Cotton linters – 4 1440 – [95]

Nitren Softwood pulp – 30 30 39.5 [96]

Ammonium

hydroxides

Trimethyl

benzylammonium

hydroxide (Triton B)

Cotton linters – 20 1440 98 [97]

Tetraethyl ammonium

hydroxide,

Cotton linters – -24 720 – [98]

Alkali

Hydroxide

NaOH Cotton linters – 25 – 26-37 [99]

NaOH/Urea Cotton linters 4.5 25 30 – [100]

NaOH/Thiourea/Urea cotton linter pulp 7 −2 5 – [101]

LiOH/Urea Cotton and wood

linter

– -10 720 – [102]

Bicomponent DMSO/N2O4 Avicel – 20 30 – [103]

TBAF/DMSO Avicel – 60 20 100 [104]

TBAH/DMSO Cotton pulp – 25 60 95 [105]

[C4MIM][CH3COO]/DMF Avicel 6 25 – 130 [106]

[C4mim][CH3COO]/DM Ac Avicel 9 25 – – [107]

LiCl/DMSO MCC 7 25 1440 100 [108]

ILs [MMIM][(MeO)2PO Avicel 10 100 60 – [109]

[PrMIM][Br] 1-2

[EMIM][F] Cellulose 15.8 85 – – [110]

[EMIM][OAc] 13.5

[EMIM][Cl] 15.8

[AMIM][Cl] Cellulose pulp 14.5 80 – – [111]

[BMIM][Cl] Cellulose 18 83 720 – [73]

[3MBPy][Cl] 39 105 720

[EMIM]DEP Cotton–Ramie Pulp 4 90 <10 – [112]

1-ethyl-3-(3,6-

dioxaheptyl)imidazolium

acetate

Avicel 12 110 – – [113]

N,N,N-triethyl-3,6,9-

trioxadecylammonium

formate

Cellulose 10 110 – – [114]

Cyclic Amine

Oxide

N-methylmorpholine-N-

oxide

(NMMO)

Cellulose 10–15 110 120 – [115]

Molten salt

hydrate

LiBr Bleached

Hardwood Kraft

Pulp

– 25 180 – [116]

LiClO4/H2O Pulp Fiber 3–5 100 150 – [117]

LiI/H2O 0.25 180 –

LiCH3COO/H2O – 270 –

LiNO3/H2O – 240 –

gelation process [130]. Recently, it was found that silanols can enhance

the mechanical friability and gelation of cellulosic aerogel due to the

formation of hydrogen bonding with hydroxyl groups of cellulose then

under heating conditions they formed covalent –Si–O–C– bonds result-

ing in enhanced gelation process and mechanical strength [131]. Simi-

larly, [133] proposed a chemical treatment of cellulose with organosi-

lanes by adding drops of methyltrimethoxysilane (MTMS) with 2 wt%

in CNF/water suspension. It was found that both the stirring methods

(mechanical or magnetic) and the temperature influences the silylation

process. The mechanical stirring combined with increasing temperature

favors the coupling of MTMS on the fibers in the suspension. Addition-

ally, heating raises the condensation of free silanol groups, resulting

in the formation of polysiloxane layers on the cellulosic nanofibers’

surface. Silanization also promotes the mechanical properties of cel-

lulosic aerogel by exhibiting high stiff and robustness. Such behavior

is due to the formation of siloxane (–Si–O–Si–) polymer network and

three-dimensional oligomers which interact with the cellulose via hy-

drogen bonding. Furthermore, the dehydration reaction offers the co-

valent bonding of polysiloxane onto the cellulose substrate resulting in

excellent compressive shape recovery [131]

2.3.3. Solvent exchange and pore adjustment

Regeneration is one of the significant steps in the formation of cel-

lulosic aerogels [78]. It is the process in which the solvent for dissolv-

ing cellulose is removed (desolvation) or replaced by non-solvent, e.g.

water, the intramolecular and intermolecular hydrogen bonds between

cellulosic chains are reformed. There is a net transfer of one or more

soluble species from one liquid into another liquid phase, usually water

(polar) and an organic solvent (non-polar) [134,135]. The kinetics of

the solvent exchange (as well as those of regeneration) has been studied

[136]. The solvent exchange process is a diffusion controlled processes

and thus a slower one, therefore, a specific amount of time is required

for cellulose solvent to diffuse out and non-solvent to diffuse in depend-

ing upon cellulose content, bath temperature, and sample shape. Higher
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Fig. 3. Diffusion of NaOH from 5 wt% cellulose/7.6% NaOH/water gels into a

water coagulation bath (l is sample half-thickness, and t is time) at (1) 25, (2) 50

and (3) 80 °C. The lines are drawn to show the projection. For more details see

[38]. Reprinted by permission from: [Springer] [Cellulose] [BudtovaT (2019)

Cellulose II aerogels: a review, Budtova, T. Cellulose (2019) 26: 81], [2019].

the bath temperature and lower cellulose content, higher is the diffusion

coefficient as shown in Fig. 3. Typically, the solvent exchange process

for cellulosic gels is faster than the cellulosic solution because of the

micro-phase separation with pores being far greater than the size of the

diffusing solvent molecule [137].

Nevertheless, throughout the regeneration and solvent exchange pro-

cess a severe shrinkage of the cellulosic bodies is observed. This behavior

is controlled partly through choosing appropriate preparation param-

eters (e.g., higher cellulose concentration results in lower shrinkage).

When cellulose interacts with solvent, the molecules combine compar-

atively faster with the external polymer layer before they additionally

infiltrate into the surface, which drives to the instant development of a

gel-like layer restraining further solvent interactions as shown in Fig. 6a

[138]. The gelation process continues with the involvement of the non-

solvent or coagulant baths such as water which upon interaction with

the dissolved cellulose induce into molecular chains and precipitates as

shown in Fig. 6b. Finally, the "wet" network with water filled inside

the pores is made which are frequently known as "cellulose hydrogels"

[139].

2.3.4. Drying processes

The principal criterion for preparing cellulosic aerogels is to forbid

the network destruction (collapsed pore structure) which is caused by

the bending of the air-liquid interface creating induced capillary pres-

sure during the solvent removal or drying of wet gels. Two approaches

to gel drying are proposed (as shown in Fig. 4): freeze-drying and su-

percritical drying [140]. As discussed in the introduction part, freeze

drying always leads to open porous foams commonly known as "cryo-

gel," i.e., they are not aerogels since their porosity is not primarily in

the mesoporous range. However, in this section, they are discussed for

elaborating a comprehensive overview of options.

Freeze-drying is an outstanding technique for the rejection of solvent

from wet gels or hydrogels to attain dried cellulosic cryogels and sponges

with extraordinary properties such as high porosity, high specific sur-

face area and low density [133]. In this process, the generation of liq-

uid/vapor interface is avoided via the ice sublimation principle hence

possessing various names, e.g., lyophilization, cryodesiccation, freeze-

drying, or ice templating. The process starts with three necessary steps

of the lyophilization cycle: i) to decrease the temperature in a specific

environment, i.e., below the triple point of the pore-filled liquid (water),

succeeded by ii) the use of vacuum and ultimately iii) controlled sub-

limation following isobaric conditions as shown in Fig. 4a [141,142].

Interestingly, the ice-templating is nothing else but a cellular growth

of ice crystals that are formed during freezing. The growing ice crys-

tal is related to the development of a dendritic network typically in the

range of few tens of micrometer size. They force the network walls at the

crystal boundaries and consequently damage the morphology obtained

during the gelation process. Hence, proper attention must be adopted to

limit the growth of ice crystals, prevent structural collapse and restrict

shrinkage [143]. Consequently, liquid crystallization and growth of ice

crystals play a significant part in the formation of porous framework

(pore distribution and pore morphology) of cellulosic cryogels. Addi-

tionally, the rate of sublimation is affected by several parameters (i.e.,

temperature, the size and shape of gel, and concentration of cellulose).

Slow cooling (-20 °C) gives large pores, abnormal structure, and solvent

segregation after ice-sublimation as shown in Fig. 6. Fast cooling of sol-

vent, e.g., by directly submerged in liquid nitrogen (-196 °C) for specific

time interval results in smaller ice-crystals and can keep the structure of

the initial dispersion as shown in Fig. 6 (c and d) [37]. If no special cares

are adopted to minimize the growth of ice crystals, then the so-called

cryogels would be the open-pore network with slightly thick and often

nonporous walls, large pores up to several hundreds of microns, and

very low density as shown in Fig. 5b [135]. At the end of this process,

the final remaining water content in cryogel remains at inadequate lev-

els ranging from 1 to 4% which shows an isotropic foam-like behavior,

usually designated to as cellulosic aerogels comprising a hierarchical

porous structure as shown in Fig. 7(b and d). However, the principal

shortcomings of freeze-drying are the high energy consumption, pro-

longed processing time, as well as the development of microcrystals that

become the dominant structure-forming element.

In supercritical drying (scCO2), the pore-filled liquid (usually wa-

ter) just after cellulose coagulation is possibly removed by substituting

with a supercritical fluid without degrading the 3D-porous structure of

cellulosic aerogel. Considering cellulose II aerogels the frozen water is

sublimated from so-called "cellulose hydrogel" (an interconnected 3D

network of coagulated cellulose with water filled in pores) otherwise

for cellulose I aerogels it is sublimated directly from nanocellulose sus-

pension [145]. Before this process, wet gels are often immersed in an

intermediate solvent, e.g., ethanol, acetone that are miscible with CO2

[146]. The process inhibits the generation of a liquid/vapor interface

as shown in Fig. 4b, subsequently reducing the chance of meniscus and

the production of a capillary pressure during solvent removal. There-

fore, the scCO2 drying gives almost original wet gel a porous structure

with small pores after drying as shown in Fig. 5a [147]. The decompres-

sion rate and pressure must be adjusted for the optimized production of

aerogel. For examples, Heath and Thielemans, (2010) [148] found that

10 MPa pressure can be applied to optimize the supercritical drying

process. Interestingly, in recent studies, we found that a pressure of 12

MPa is applied for cellulosic aerogel production [149]. Moreover, a slow

decompression rate is usually applied for the process optimization. For

example, Heath and Thielemans, (2010) [148] used a decompression

rate of 5 bar/min for 20 mins to form CNC aerogels, whereas [146] ap-

plied a depressurization for 60 mins. A supercritical fluid has diffusivity

similar to gases, density within liquid and gas range, and has excessive

solvation power. Usually, CO2 is used as supercritical fluid because it

possesses a lower critical point (31.3 °C and 72.9 atm), non-toxicity,

non-inflammability, environmental friendliness, cost-effectiveness, and

immiscibility with original solvent [150]. Regardless of many advan-

tages, the supercritical drying process is not widely adopted because of

the complexity of the process and the high cost of equipment.

3. Properties of cellulosic aerogels

We first outline the extended studies on cellulosic aerogel density,

porosity, specific surface area mechanical properties, where compres-

sion testing is mainly considered. Thermal conductivity is then exam-

ined because insulation is currently the only appropriate industrial ap-

plication for cellulosic aerogels. Eventually, we present other properties
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Fig. 4. A possible pressure-temperature diagram for the drying pro-

cess of cellulosic aerogels: (a) Freeze drying and (b) Supercritical dry-

ing. The solid green line indicates the most substances; the dashed

green line shows the unusual behavior of water.

Fig. 5. A comparative SEM images between

two drying approaches: Supercritical drying (a)

and Freezing-drying (b). Courtesy [151].

Fig. 6. Schematic representation of freezing-drying process with vari-

ation in cooling approaches. Slow cooling with unidirectional templat-

ing (a) and Rapid cooling in liquid nitrogen bath (b). SEM images of

cellulosic aerogels having (c) parallel aligned pores due to slow cool-

ing [152] and (d) 3D mesopores due to rapid cooling [153]. Fig. 6 (c

and d) are reprinted by permission from: [The American Ceramic So-

ciety] [Journal of the American Ceramic Society] [Munch, E., Saiz, E.,

Tomsia, A. P., & Deville, S. (2009). Architectural control of freeze‐cast

ceramics through additives and templating. Journal of the American

Ceramic Society, 92(7), 1534–1539.], [2009] and [ACS Macro Lett.]

[Biomacromolecules] [Munier, P., Gordeyeva, K., Bergström, L., &

Fall, A. B. (2009). Directional freezing of nanocellulose dispersions

aligns the rod-like particles and produces low-density and robust par-

ticle networks. Biomacromolecules, 17(5), 1875–1881.] [2009].

66



A. Zaman, F. Huang and M. Jiang et al. Energy and Built Environment 1 (2020) 60–76

Fig. 7. Processing of cellulosic aerogel (a,b) mechanism of solvent exchange, (b,c) freezing and finally (c,d) drying.

integrated with the sections on the application, for example, electrical

conductivity, sorption capacities, and optical properties.

3.1. Density and porosity

The density of cellulose-based aerogels/foams is between 10 and 105

kg/m
3
. Weight and volume can measure the density of aerogels by di-

viding the weight by the volume. The porosity can be evaluated from the

density of the aerogels (ρ∗) by utilizing the following equation (1) where

the ratio ρ∗∕ρc is the relative density. The density of cellulose ρc is as-

sumed to be 1460 kg/m
3

[154].

porosity = 1 − ρ∗∕ρc (1)

There is a radical change in porosity and density when hydrogels are

converted into aerogels. Usually, lightweight cellulosic aerogel with low

density and high porosity are formed due to the removal of water from

the hydrogels and air occupies its sites Fig. 7d. It can be observed from

Table 2 that the porosity of aerogel decreases with the increase in den-

sity. For example, cellulose acetate organic aerogel exhibits 0.25–0.85

g/cm
3

density having the lowest porosity of 41–82% [155]. Similarly,

with the increment in the concentration of cellulose, there is a signifi-

cant increase in density whereas the porosity decreases as shown in Fig.

8. Considering low cellulosic concentration, the highly irregular mor-

phology with few nanometers to micrometer size pores can be observed

which is not capable of combining a self-assembled and densely packed

porous architecture Fig. 8a. As the concentration of cellulose increases,

the pore size of aerogels becomes homogeneous and lies in mesoporous

range, i.e., forming an aerogel Fig. 8 (b and c). However, if the con-

centration further increases, it results in unacceptable pore size since

the fiber-fiber interaction surpassing the water-fiber interaction during

drying procedures Fig. 8d. Therefore, the high cellulose concentrations

exhibit high hydrogen bonds which attach fibers usually giving agglom-

erated fibers.

3.2. Morphology

There are numerous ways to vary cellulosic aerogel morphology and

properties by changing processing conditions such as drying techniques,

cellulosic source, cellulose concentration, coagulating solvents, as well

as the superbase, has a significant influence on the morphology of the

aerogels. Freeze casting has also been shown to be an easy way to im-

part structure or anisotropic morphologies to cellulosic aerogels, cre-

ating uniaxially aligned fibrils in the direction of ice crystal growth.

However, aggregation due to pH reduction or salt addition hampers

this orientation, potentially limiting the functionality of these structured

CNF-only aerogels [153]. However, solvent-non-solvent exchange and

drying with supercritical CO2 do not seem to strongly affect gel mor-

phology. The examples of different aerogel morphologies obtained from

gelled and non-gelled pectin solutions are shown in [156]. For example,

aerogels from non-gelled pectin solutions are denser (0.1–0.15 g/cm
3
)

and with higher specific surface area (400–600 m
2
/g) as compared to

their gelled counterparts (density 0.05–0.1 g/cm
3

and specific surface

area 250–500 m
2
/g). Moreover, increasing the cellulosic source within

the aerogels led to a collapsed sheet-like morphology with higher bulk

density and lower surface area than most reported aerogels [52]. SEM

images can be seen in the drying section.

The effect of various cellulose solvents on the morphology and prop-

erties of cellulose aerogels has been reported by Pircher et al. [157].

The SEM images can be seen in Fig. 9. Solvents investigated included

ionic liquid/DMSO (EMIMAc–DMSO), tetrabutyl–ammonium fluo-

ride/dimethyl sulfoxide (TBAF–DMSO), N-methyl morpholine-N-oxide

monohydrate (NMMO•H2O), and calcium thiocyanate octahydrate–

lithium chloride and CTO (Ca(SCN)2
•8H2O–LiCl). The solubilized cel-

lulose was coagulated using ethanol followed by supercritical CO2-

drying to afford the desired aerogels. Their result showed that these

solvents played a significant role in the bulk properties of the aerogels

such as morphology and porosity. For instance, while aerogels made

from EMIMAc–DMSO showed a more random short nanofiber network

that assembled into a globular superstructure, those from TBAF–LiCl

showed a more homogeneous interwoven nanofiber network with in-

terconnected nanopores. On the other hand, aerogels from NMMO•H2O

and CTO showed a more random network of cellulose nanofibers. The

authors correlated these differences to the mechanism of cellulose net-

work formation in these different solvents. On one hand, aerogels from

EMIMAc and TBAF–LiCl followed the spontaneous one-step phase sepa-

ration mechanism, which is entirely controlled by diffusion. NMMO and

CTO-derived aerogels followed a two-step phase separation mechanism.

The first phase separation occurs during the cooling of the solubilized

cellulose solution, which gives time for an alignment of the cellulose

fibers into longer nanofibers. The second phase separation step occurs

during the addition of the nonsolvent (coagulating solvent), which also

leads to further alignment of the cellulose fibers in close proximity to
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Table 2

Mechanical and thermal properties of cellulosic aerogels.

Raw materials Density

(g/cm
−3

)

Porosity (%) Specific

surface area

(m
2

g
−1

)

Modulus

(MPa)

Strength

(MPa)

Yield stress

(KPa)

Energy

absorption

(kJm
−3

)

Thermal

conductivity

Ref.

Liquid-crystalline

nanocellulose (lc-ncell)

40 98.1–99.7 500–600 0.95 150 67 70 0.038 [165]

Thin extruded fibers

microcrystalline cellulosic

aerogel

0.009–

0.137

91–99 120–230 16.2 6.42 ± 0.93 – – 0.075 [169]

Natural wood based

aerogel

0.055 >95 13.8 0.005 0.027 0.0075 – 0.12 [34]

Eucalyptus pulp, solucell 0.02–0.2 – 100–400 – – – – – [170]

Cellulose acetate organic

aerogel

0.25–0.85 41–82 140–250 283 – – – – [155]

Softwood pulp 0.05–0.105 98 153–284 0.155 0.021 – 20 – [154]

Cotton linter 0.05–0.26 84.88 172–284 – – – – – [48]

Paper waste 0.007 99.4 – – – – – – [45]

Spruce wood pulp 0.012–

0.033

98–99 80–100 5.772 0.205 50.14 2480 0.018 [171]

Wheat straws 0.15 75–88 120 – – – – 0.05 [51]

Starch-based aerogel 1.17 – 34–120 – – – – – [172]

Corn straw 0.01415–

0.05831

99.07 15.42 – – – – – [39]

Bamboo Fiber 0.054 97 204 1.85 – 83.57 – – [163]

Sugarcane 0.112 – 390 13.38 0.380 2.13 – 0.0828 [173]

Wood and Eucalyptus pulp – – 143 – 0.202 – – – [174]

Fig. 8. X-ray microtomography analysis of cellulosic aerogel demonstrating the relationship between density and porosity with increasing cellulose concentration.

(a–d) 3D images. Top and bottom side 2D images of (a, a’ and a”) 0.75% cellulose, (b, b’ and b”) 1% cellulose, (c, c’ and c”) 1.25% cellulose and (d, d’ and d”) 1.75%

cellulose. For more details see [144]. Reprinted by permission from: [Elsevier] [Materials & Design] [Gupta, P., Singh, B., Agrawal, A. K., & Maji, P. K. (2018). Low

density and high strength nanofibrillated cellulose aerogel for thermal insulation application. Materials & Design, 158, 224–236.], [2018].
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Fig. 9. Scanning electron micrographs of aerogels derived from cellulosic solutions. (a) TBAF/DMSO (CL-TBAF), (b) [EMIm][OAc]/DMSO (CL-EMIm), (c)

NMMO•H
2
O (CL-NMMO), (d) Ca(SCN)

2
•8H

2
O/LiCl (CL-CTO), (e) cellulosic solution solubilized in DBU–CO

2
solvent system coagulated using water, (f) methanol,

(g) ethanol, (h) Isopropanol, (i) No solvent. (j,k) Aerocellulose bead obtained from 5%cellulose–8%NaOH–water solution. Reprinted by permission from: [Springer]

[Cellulose] [Pircher, N., Carbajal, L., Schimper, C., Bacher, M., Rennhofer, H., Nedelec, J. M., ... & Liebner, F. (2016) [157]. Impact of selected solvent systems on

the pore and solid structure of cellulose aerogels. Cellulose, 23(3), 1949-1966], [2016], [Springer] [Journal of Materials Science] [Sescousse, R., Gavillon, R., &

Budtova, T. (2011) [159]. Wet and dry highly porous cellulose beads from cellulose–NaOH–water solutions: influence of the preparation conditions on beads shape

and encapsulation of inorganic particles. Journal of Materials Science, 46(3), 759-765.], [2011].

the already ordered longer nanofiber networks from the first phase sep-

aration step. The effect is an increased crystallinity (cellulose II) and

better mechanical properties (higher compressional stress) of the result-

ing aerogels. It is also important to mention that, apart from phase sep-

aration, gelation is another mechanism to form cellulose networks. A

typical example is the use of solvents such as 8% NaOH–water mix-

tures. In such solvents, depending on the cellulose concentration and

temperature, the cellulose solutions start gelling with time because of

the increasing proximity of the hydroxyl groups present in the polymer,

thereby leading to hydrogen bonding [157–159].
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Fig. 10. Effect of increasing cellulosic aerogels density on its specific surface

area. Reprinted by permission from: [RSC] [Soft Matter] [Sehaqui, H., Salajková,

M., Zhou, Q., & Berglund, L. A. (2010) [12].

3.3. Specific surface area (SSA)

The high specific surface area is always necessary for the cellulosic

aerogels to be efficiently used as, e.g., adsorbents, catalysts, insulators,

etc. [160]. The enlightening aspects to generate the high specific surface

area of aerogels are the excellent dispersion of cellulose in its solvent and

avoiding the pore closure in its structure due to drying procedure, the

phenomena is frequently known as ‘hornification’ [161]. Many reports

have previously been shown on the determination of specific surface

area (SSA) of cellulosic aerogels as shown in Table 2. The largest spe-

cific surface area of cellulosic aerogels is reported to be 600 m
2
/g made

from liquid-crystalline nanocellulose (lc-ncell) samples whereas cellu-

losic aerogels derived from natural wood have the lowest specific surface

area of 13.8 m
2
/g. A rapid increase in the concentration of nanocellulose

fibers in its solvent often results in high rate of cellulose nanofiber ac-

cumulation; subsequently, promoting its density and reduces its specific

surface area as shown in Fig. 10 [14].

3.4. Mechanical properties

Cellulosic aerogels exhibit higher mechanical properties such as high

modulus, compression strength, toughness, and energy absorption, flex-

ibility, etc. In principle, a high mechanical strength often results in high-

density because the nanofibrillated cellulose network inside the aerogels

are surprisingly homogeneous in the structure having low porosity and

can withstand load effectively [162]. Table 2 signifies the importance

of density and porosity for improving the mechanical and thermal prop-

erties of aerogels such as Young’s modulus, compression strength, yield

stress, energy absorption, and thermal conductivity. For example, the

highest strength and elastic modulus of cellulosic aerogel are 150 MPa,

and 0.95 MPa respectively, having a high porosity of 99.7% and density

of 40 g/cm
3
. The compressive performance of cellulosic aerogels is out-

standing without fracture, change in shape or collapse after the release

of stress because of hierarchical pore structures with pore difference

from micro to the nanoscale. This behavior is evident due to two shifts

in cell wall structure: 1. Cell wall bending under elastic region 2. Cell

collapse via plastic hinge due to loosely porous 3D network structure

resulting in substantial stiffness of aerogel [163,85].

3.5. Thermal Properties

In the last decade, the thermal properties of natural cellulosic aero-

gels are the primary concern of several studies [164,51]. The thermal

conductivity of these bio-based aerogels depends on three primary fac-

tors: (i) the solid phase conduction (𝜆solid); (ii) the gas phase conduc-

tion (𝜆gas); and (iii) the radiative heat exchange through the cell walls

and across the cell voids (𝜆rad) with the cell matrix which is the most

dominant factor in deciding the overall heat transfer characteristics as

presented in equation below.

𝜆 = 𝜆
𝑠𝑜𝑙𝑖𝑑

+ 𝜆
𝑔𝑎𝑠

+ 𝜆
𝑟𝑎𝑑

(2)

The density of aerogel promotes the solid phase conduction. The fol-

lowing two choices are likely available to reduce the conduction of the

gaseous phase, i.e., either decrease pores sizes down to the mesoporous

region or evacuate the gas (air) from aerogels. In the former case, pore

size should be below the mean free path of air molecules, consequently

lowering the (𝜆gas) from ambient air conditions according to Knudsen ef-

fect. (𝜆rad) is not important at room temperatures and optically thick ma-

terials [156,165]. As shown in Table 2, it is apparent in that the lowest

thermal conductivity can be achieved for low-density aerogels indicat-

ing that low-density cellulosic aerogels are often required for insulation

materials. Recently, the potential applications of cellulosic aerogels are

related to thermal insulation purpose owing to their considerably low

thermal conductivity ≤ 0.026 W/m k (similar to that of air at ambient

conditions) [166]. The ultralow value is referred to (1) the high poros-

ity and tortuosity of the stable nanostructure, which decreases thermal

conductivity, (2) the active suppression of thermal radiation, and pre-

dominantly, (3) the pore sizes below the mean free path of the gas phase

(ca. 70 nm for ambient air), which efficiently decreases thermal convec-

tion contributions [167]. Besides, there are other product-specified pa-

rameters such as water absorption and mean temperature which is also

responsible for changing the thermal conductivity of aerogels [168].

4. Applications

Over the past few years, cellulosic aerogels have been used in

widespread applications. The remarkable properties such as high com-

pression strength, high elasticity and flexibility, high current density,

high porosity etc. of cellulose-based aerogels give exceptional applica-

tions such as supercapacitors (Zheng et al., 2015 [175]), air filtrations

[176], removal of heavy metal ions [177], absorbents for oils [178],

drug delivery [53], bioscaffolds [179], fire retardant material [180] etc.

Studies on heavy metal adsorption [156], oil [181], and dyes adsorption

[182] have repeatedly been discussed thus we will not further study on

these applications. In the ensuing sections, we discuss recent progress

reported on applications of cellulosic aerogels in thermal insulation, fire

retardancy, and antibacterial applications in detail.

4.1. Cellulosic aerogels in thermal insulation and fire-retardant materials

Barrier property is another highly essential characteristic of cellu-

losic aerogels for its utilization of thermal insulation and fire safety

equipment [183]. Previously, the Stardust mission of NASA utilized

aerogel to arrest and collect interstellar and comet dust particles from a

comet “Wild 2” because of their high thermal barrier properties. How-

ever, due to an extremely high-temperature environment, they became

mechanically brittle and experienced unusual shrinkage behavior [184].

Thus, there is an emerging concern in cellulose-based insulation materi-

als because of their renewability, recyclability, non-toxicity, sustainabil-

ity and require simplistic routes for production [185]. Cellulose-based

insulation materials such as aerogels have a low thermal conductivity

that makes them suitable for thermal insulation applications [186]. Nev-

ertheless, there are quiet specific deficiencies for the effective utilization

of cellulosic aerogels as a result of their internal scarcities such as mois-

ture sensitivity, hornification, change of density and shrinkage due to

drying technique hindering their possible usage in major fields such as

lightweight engineering materials or devices and harsh environmental

applications [187,188]. Besides, cellulose fiber is a highly combustible

biopolymer and extremely hard to extinguish due to its large specific

surface area and high porosity. Compared with other cellulose-based in-

sulating materials, they usually emit an enormous amount of undesired

asphyxiated gases during the flammability test with a low limiting oxy-

gen index (LOI) value of nearly 18–19% which proposes critical public
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Table 3

Several types of aerogel-based CO
2

sorbents with their sorption capacity.

Aerogel types Sorption capacity (mmol g
−1

) Ref.

Amine hybrid silsesquioxane aerogel (AHSA) 3.04 (dry) or 3.84 (humid) [198]

Amine hybrid titania/silsesquioxane composite aerogel (AHTSA) 1.64–6.66 [199]

Amine hybrid resorcinol–formaldehyde/silsesquioxane composite aerogel (AH-RFSA) 3.57–4.43 [200]

silica aerogels functionalized with a mono- and a tri-aminosilane 3.5 and 5.7 [201]

Amine hybrid zirconia/silica composite aerogel (AHZSA) 1.48– 3.40 [202]

Sodium-based solid sorbent with amine (NaN) aerogel 2.51 [203]

Carbon aerogels 5.72 [204]

Highly porous 3D GO network solids 2.7 [205]

Amine-Impregnated Mesoporous (SBA-15) 5.22 [206]

CNF/PEI 3.8–28 [207]

Amine-based nanofibrillated cellulose adsorbent 1.39 [196]

safety concerns [34,189]. To meet the stringent safety demands, a sub-

stantial advancement in the flame retardancy is necessary deprived of

resolving the mechanical stabilities and thermal insulation properties

[190]. It is thereby compelled to apply green chemistry principles to

promote distinct environmentally friendly fire-resistant cellulosic aero-

gels that are reliable for use in energy-efficient buildings, transportation,

and other applications [191].

Past reports suggest that the incorporation of different inorganic par-

ticles enhances the flame retardant properties of cellulosic aerogels for

instance Donius et al. (2014) [192] utilized sodium-montmorillonite

(MMT) inorganic particles to form cellulosic aerogel composite and

hence found that the shape retention and flame retardancy functions of

the aerogel were remarkably improved up to 800 °C because the pres-

ence of MMT platelets could act as a reinforcement and as a protec-

tive thermal barrier slowing down gas diffusion and inhibiting shrink-

age of the material. Similarly, Yang et al. (2017) [190] used molybde-

num disulfide (MoS2) nanosheets as reinforcement in cellulosic aerogel.

Their result shows that the degradation temperature range was signif-

icantly improved from 240 to 320 °C to 300–400 °C and the weight

loss was reduced from ∼80% to ∼60% owing to the presence of in-

tact protective char layer on cellulosic aerogel by MoS2. Fan et al.

(2017) [193] prepared cellulosic aerogel composite reinforced with alu-

minum oxyhydroxide (AlOOH). Aluminum oxyhydroxide is a broadly

utilized inorganic flame-retardant filler owing to its non-volatile and

non-toxic behavior. When exposed to fire, the aerogel prevented burn-

ing and held its original shape even after 60 s of constant exposure.

Thus, the diffusivity and thermal conductivity of the cellulosic aerogel

composite were 0.341 mm
2
/s and 0.0385 W/m k respectively. Whereas,

pure cellulosic aerogel showed instantaneous combustion upon con-

tact with the flame, exhibiting diffusivity and thermal conductivity of

0.621 mm
2
/s and 0.0477 W/m k. Additionally, functional aerogels can

also be produced using cyclotriphosphazene-containing nanotubes into

the cellulosic suspensions prior to the synthesis step to form flame re-

tardant cellulosic aerogels. glycidoxypropyltrimethoxysilane (GPTMS)

and branched polyethyleneimine (b-PEI) can be employed to cross-link

cellulose nanofibrils (CNFs). Afterward, the reactive epoxide groups of

GPTMS will react with the amine groups of b-PEI to increase the cross-

link density of the network. Through this, the pore walls of the porous

materials will acquire the desired mechanical properties to resist the

stress imbalance arising from capillary pressure induced from solvent

evaporation during the drying process with the objective of improving

the mechanical as well as thermal properties of cellulosic aerogels [194].

4.2. Cellulosic aerogels in the CO2 capture applications

An encouraging step to fight against severe environmental and cli-

mate changes, particularly the ever-rising global warming temperature,

is to reduce the radiation of carbon dioxide gas which is a leading

and fundamental greenhouse gas in the atmosphere. We need to cope

up with these hazardous gases by developing the sustainable material

which could absorb these gases and make the eco-friendly environment

[195]. Aerogels application for being used as absorbents to capture CO2

gas is relatively inspiring because they possess several benefits such as

high surface area, high porosity, high absorption capacity, and low den-

sity. Additionally, the surface chemistry, composition, and microstruc-

tural pattern of aerogel can be fabricated for CO2 capture requirements

because of the usefulness of the sol–gel process [196]. It is clear from

Table 3 that cellulosic aerogel with PEI coating exhibits largest sorption

capacity up to 28 mmol/g for CO2 amongst several kinds of aerogels be-

cause of strong binding energy of PEI with porous structure of cellulosic

aerogels. Similarly, Wu et al. (2018) [197] and his co-workers examined

the influence of amine loading on the CO2 capture performance of cellu-

losic aerogels. It was suggested that the equilibrium adsorption capacity

of N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane (APS) mod-

ified cellulosic aerogel can be increased with the concentration of APS

during modification. The reason for such behavior is that the higher

amine loading via APS leads to an increased average pore size and

roughness of aerogel surface, which subsequently favors the CO2 cap-

ture. The CO2 adsorbed cellulosic aerogel can be recycled by merely

heating the aerogel.

4.3. Cellulosic aerogels in electrical devices and energy storage

Tremendous development has been done over the years to find rel-

evant electrode materials for energy storage devices [208]. Meanwhile,

there is a rapid increasing interest in utilizing cellulosic bioresources

for the production of supercapacitors, wearable and portable electron-

ics, roll-up screens, and electronic paper applications (Zheng et al., 2015

[175]). It is quite challenging to form a facial and eco-friendly approach

for the production of cellulosic aerogel derived porous carbon materi-

als with superior electrical properties such as high electrical conduc-

tivity, high specific capacitance, and current density, and so on [209].

Their performance in applications mentioned above is due to their ul-

tralow density, extremely high specific surface area, high porosity, com-

fortable chemical-modified surfaces, cost-effectiveness, eco-friendliness,

excellent mechanical properties, and remarkable electrolyte-absorption

property [212]. Reasonably, the hydrophilic characteristics of cellulose

nanofibers (CNFs) in cellulosic aerogels promote the contact between

the electrodes and electrolytes and further contribute diffusion chan-

nels for the electrolytic ions; thus intensifying the electrical properties

of the supercapacitors [210]. Using cellulosic aerogels in flexible strain-

sensing materials, lithium-ion batteries, photovoltaic cells, and fuel cells

have also attracted increasing attention in the early years [211]. CNFs

can be utilized as electrolyte nano-reservoirs, which can dramatically

enhance the influence of the mesopores, and efficiently decreases the

ion transport distance. Consequently, a reduced pore size distribution is

meaningful for high rate energy storage devices [212]. Nevertheless, the

cellulose-based carbon aerogel typically shows weak mechanical perfor-

mance and low flexibility. Therefore, it is urgently required to use some

robust and conductive solid components such as graphene, CNTs, tran-

sition metal complex (TMC) etc. as the reinforcing agents to enhance

the elasticity, compressibility, flexibility, as well as energy density of
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Table 4

Cellulose-based carbon aerogels with detailed description of electrical properties for supercapacitors.

Cellulose type Pore size

range (nm)

Specific

capacitance

(F g
−1

)

Current

density

(A g
−1

)

Areal

Current

density

(Acm
−2

)

Energy

density

(W h kg
−1

)

Areal

Energy

density

(mWhcm
−2

)

Power

density

(KW kg
−1

)

Areal Power

density

(mWcm
−2

)

Electrical

conductivity

(S cm
−1

)

Ref.

CNFs 2–50 207 (0.7-11.2) x

10−3

– – 20 – 15.5 100 [214]

CNFs 4.44 225 0.25 – 31.25 – 12.9 – – [216]

CNFs 2–50 916.42 0.5×10−3 – 22.8 – 4.3 – – [213]

CNCs 2–8 716.62 3.75× 10−3 3.750×103 – 168.64 – – – [217]

CNFs 20–100 430.78 1 – – – – – – [218]

CNFs 20–50 – – 0.02 – 2.3 – – – [219]

Cellulose 20–100 193 0.5 – 17.1 – 0.4 – – [220]

microcrystalline

cellulose

1.49–3.32 160 0.2 – 17.81 – 180.11 – – [212]

CNCs 2–100 328 0.5 – – – – – – [221]

CNFs 2000–5000 252 0.5 – – 0.0284 – 9.5 0.12 [175]

CNFs 5000–

10000

680 1 – 114 – 0.442 – 0.0202 [162]

cellulose-based carbon aerogel without altering their capacitive perfor-

mance, cycling stability and power density [162]. Table 4 summarizes

various modifications of cellulosic aerogels with reinforcing agents for

increasing the electrical properties. The highest specific capacitance of

cellulose-based carbon aerogel supercapacitors is noted to be 716.62 F/g

because the aerogel itself contains metal oxide such as MnO2 and RuO2

which are pseudo capacitive materials along with reduced graphene ox-

ide (rGO) for electrodes that are apparently quick and reversible redox

reactions at the electrode surface [213]. Table 4 also specifies that the

energy density of supercapacitors can be sufficiently improved by rais-

ing the capacitance of a supercapacitor. Furthermore, the CNFs/GO hy-

brid aerogels exhibits the highest electrical conductivity of 100 S/cm

indicating great electric charge transfer rate between CNFs and carbon-

based materials [214]. Besides, lignin represents a significantly under-

utilized biomass. The high carbon content and extensively crosslinked

polypropanoid structure make lignin an excellent precursor for energy

storage devices. According to the study presented by Hu et al., [215] a

highly porous submicron activated carbon fibers (ACFs) can be robustly

generated from low sulfonated alkali lignin which can be fabricated into

supercapacitors for capacitive energy storage [215].

4.4. Antibacterial cellulosic aerogel composite applications

Antibacterial nanocellulosic composite aerogels have attracted in-

creasing attention in water treatment technology [222]. Silver nanopar-

ticles (AgNPs) as an inorganic metal display a significant part in the

study and fabrication of antibacterial cellulosic aerogels by virtue of

their excellent catalytic properties in many chemical reactions, and

their antibacterial activity against a broad range of virus and bacte-

ria [223]. The scattering of AgNPs particles in nanoporous cellulosic

aerogels matrix with micro to nano three-dimensional architectures pre-

vents nanoparticles to aggregate. Besides, the abundant surface oxygen-

containing groups, binding sites and large specific surface area of cel-

lulosic aerogels provides ease in manufacturing highly loaded AgNPs

cellulosic aerogel composite. According to a recent study proposed by

Ye et al. (2018) [224], a semisynthetic 𝛽-lactam antibiotic known as

amoxicillin can be utilized to transform cellulosic aerogels as an an-

tifungal and antibacterial material owing to its loading over cellulose

fibers via the internal pores. By calculating the diameter of the inhibi-

tion zones, the antibacterial properties can be easily found consequently

suggesting that the diameter of the inhibition zone increases with the

increase in amoxicillin content. Thus, the best possible result was (1.2

mg/mL amoxicillin concentration) exhibiting the highest antibacterial

activities with inhibition diameter of E. coli, C. albicans, S. aureus and

B. subtilis of 28 mm, 22 mm, 42 mm and 19 mm, respectively. Uddin et

al. (2017) [225] with his coworkers investigated the antimicrobial effect

Fig. 11. Antibacterial activity of several types of cellulosic aerogels compris-

ing lysozyme and silver nanoparticles against both E. coli and S. aurious. Log

No/N shows Logarithmic reduction value of cellulosic aerogels. Ag Low and Ag

High indicate the level of loading of the silver nanoparticles. Courtesy [225].

Reprinted by permission from: [Springer] [Cellulose] [Uddin, K.M.A., Orelma,

H., Mohammadi, P. et al. Cellulose (2017) 24: 2837], [2017].

of cellulosic-lysozyme aerogels and silver nanoparticles-embedded cel-

lulose aerogels. Considering Fig. 11, both lysozyme and silver nanopar-

ticles containing cellulosic aerogels displayed somewhat longer inhibi-

tion against S. aurious than E. coli. Additionally, the cationic cellulose

aerogels show better antibacterial activity in both lysozyme and silver

nanoparticles cases because a surface charge of cellulose has a stabi-

lizing effect on both the enzyme and silver nanoparticles, which con-

trols their operations over time. Interestingly, the silver nanoparticles-
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embedded cellulosic aerogels show remarkable antibacterial properties

(100% inhibition against E. coli and 99.9% inhibition against E. coli)

comparing with cellulosic-lysozyme aerogels. This is because the antimi-

crobial activity of silver depends on the binding of Ag+with the negative

charge peptidoglycans polymer of the bacterial cell wall. Therefore, the

size of silver particles plays a dominant role in the antibacterial activ-

ity of silver-embedded cellulosic aerogels. The smaller the size of silver

nanoparticles the better would be the antibacterial properties.

5. Conclusion and Prospects

Based on the main steps of the cellulosic areogel preparation, the

efficient solvent and the dissolution of cellulosic materials, gelation

process, solvent change & pore ajusting, as well as the drying pro-

cess were detailed reviewed. The solvents for cellulosic materials are

firstly reviewed, tetra–n–butylammonium (e.g., TBAH and TBAF) with

assistant solvents (e.g., THAF and DMSO) as a direct cellulose solvent

with the least time required for dissolution. Robust freezing leads to the

generation of porous material while directional ice-templating displays

honeycomb-like 2D pores aligned parallel to the freezing direction. For

achieving cellulosic aerogels with ultra-high porosity, high specific sur-

face area and low density, the nanofibrillated cellulose network inside

the aerogel are required which are formed by either gelation or phase

separation principles. According to the study of the properties and the

application of cellulosic areogel, it was found that the remarkable tex-

tural properties and changeable surface chemistry of aerogel are helpful

to increase its absorbent capacity for bacterial and viruses, electrochem-

ical energy storage, air filtrations, etc. This study provides an indepth

understanding of the utilization of cellulosic aerogels in the field of insu-

lation and fire retardant materials, electrical and energy storage devices,

CO2 capture applications as well as antibacterial applications. Although

cellulosic aerogels are promising lightweight materials with outstanding

properties and variety of potential applications, however, the processing

route, formation mechanisms, functionalization such as modified with

the silane coupling agent and various applications such as its role in

antibacterial activity are still in progress which open door for future

research directions.
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a b s t r a c t

Improving energy performance of buildings is of particular importance in new construction and existing buildings.

Building refurbishment is considered a practical pathway towards energy efficiency as the replacement of older

buildings is at a slow pace. There are various ways of incorporating energy conservation measures in buildings

through refurbishment projects. As such, we have to choose among various passive or active measures. In this

study, we develop an integrated assessment model to direct energy management decisions in retrofit projects.

Our focus will be on alternative passive measures that can be included in refurbishment projects to reduce overall

energy consumption in buildings. We identify the relative priority of these alternatives with respect to their non-

monetary (qualitative) benefits and issues using an analytic network process. Then, the above priorities will form

a utility function that will be optimized along with the energy demand and retrofit costs using a multi-objective

optimization model. We also explore various approaches to formulate the uncertainties that may arise in cost

estimations and incorporate them into the optimization model. The applicability and authenticity of the proposed

model is demonstrated through an illustrative case study application. The results reveal that the choice of the

optimization approach for a retrofit project shall be done with respect to the extent of variations (uncertainties)

in expected utilities (benefits) and costs for the alternative passive technologies.

1. Introduction

In an attempt to alleviate the consequences of climate change, a tem-

perature goal and a global peak of greenhouse gas emissions have been

suggested in the recent UN climate change report [1]. One of the main

approaches to realistically achieving reduced greenhouse gas emissions

and building energy consumption is retrofitting [2]. In developed coun-

tries, the stock of existing buildings is regarded for over 30 percent of

greenhouse gas emissions, and consumes more than 40 percent of to-

tal final energy. The primary objective of an energy-efficient retrofit

project is to reduce energy consumption with maintaining or enhancing

the indoor thermal comfort condition, as well as reducing greenhouse

gas emissions. By implementation of energy conservation measures, nat-

ural resources will be conserved, adverse environmental impacts will be

reduced, and operational costs of buildings will also be alleviated. These

will, in turn, enhance the living conditions and improve the comfort of

the building’s occupants [3]. A significant share of the total primary

energy is spent on buildings (more than 60 percent), which is strongly

reliant on the characteristics of the buildings [4,5]. Improving energy

performance of buildings is of particular importance in new construc-

tion and existing buildings. There is a growing need to implement energy

conservation measures in existing buildings given the fact that globally

∗
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the replacement rate of existing buildings with new buildings is approx-

imately 1 to 3 percent annually [6]. According to a U.S. research, more

than 60 percent of the U.S. housing inventory has over 30 years old and

majority of them are energy inefficient [7]. In Canada, houses which

were built before the 1940s, if retrofitted, have an energy saving poten-

tial of about 25 to 30 percent [4].

Based on the triangle of Energy, there are three solutions to achieve

energy conservation: 1) reduction of energy demand by adopting pas-

sive strategies; 2) application of renewable energy (active strategies);

and 3) using fossil energy as efficiently as possible. More than 400

different energy measures can be categorized as passive and active

strategies which illustrate the existence of numerous alternatives that

can be undertaken. Studies show that nearly 80% of energy efficiency

measures are intuitively selected from these alternatives according to

the characteristics of the building, the location, environmental factors,

etc. [8]. Therefore, choosing the right combination of refurbishment

actions among possible passive measures is a timely issue as well

as a real challenge [9]. This selection problem can be interpreted

as a multi-objective optimization problem featured by the exis-

tence of multiple and conflicting objectives including qualitative

criteria such as occupants’ behavior and quantitative criteria such as

cost [10].
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The purpose of this paper is to develop an integrated assessment-

optimization approach comprised of two stages of multiple-criteria

assessment and multi-objective optimization that can direct the

retrofitting efforts in buildings. The aim is to assist in prioritization and

identification of the best set of passive measures in retrofit projects. The

authors emphasize on the application of passive measures to reduce en-

ergy demand. Passive technologies are the ones that contribute to reduc-

ing energy losses through the building envelop or to increasing the use

of natural heating, cooling and lighting. In this definition, other alter-

native measures such as renewable energy resources, as active measure,

are excluded. In addition, by taking into account the uncertainties in

cost estimations (initial estimates, materials, etc.), the proposed multi-

objective model is formulated using a fuzzy programming approach.

The paper is organized as follows: First, a literature review is car-

ried out to ascertain the state of the art in building retrofit decisions

at the presence of several decision criteria. The analytic network pro-

cess (ANP) is reviewed as a multiple criteria decision-making method

capable of incorporating the interdependencies among decision criteria

and of arriving at an overall assessment (relative scores) for alternative

retrofit measures. Simultaneously, fuzzy theory is explored to incorpo-

rate uncertainties using a number of fuzzy programming methods. Then,

the scores resulted from the assessment phase, as well as uncertainty

formulations, will be fed into a multi-objective optimization model. The

assessment results are incorporated into a utility objective function to

be maximized alongside the latter results which form a cost objective

function that is minimized. Three different solution scenarios are ex-

plored and compared. The applicability of the proposed assessment-

optimization approach is then illustrated through a case study of a typ-

ical building. We then conclude by providing some insights into the

proposed approach and a number of avenues for further research.

2. Literature review

Multi criteria decision-making, single/multiple objective optimiza-

tion methods, simulation tools and/or sensitivity analysis methods

have been sought to deal with the challenge of selecting a set of energy

management measures from a set of available options [9]. In this sense,

Diakaki et al. [11] compared the performance and outcomes of three

different optimization techniques: the compromise programming, the

global criterion method, and the goal programming. Roberti et al.

[12] developed a multi-objective optimization model coupled with

analytical hierarchy process (AHP) to identify optimal retrofits for a

historical building. Shao et al. [8] designed an integrated model as a

hybrid framework by combining analytical hierarchy process (AHP),

quality function deployment (QFD), Non-dominated Sorting Genetic

Algorithm II, and multiple-attribute value theory (MAVT) approach in

order to incorporate human judgments and other qualitative aspects

of a retrofit project. The analytic network process (ANP) was used

by Zhao et al. [13] to develop a three-grade evaluation system for

energy efficiency retrofits of existing buildings in China. Pohekar and

Ramachandran [14] and Løken [15] reviewed multi-criteria decision-

making techniques and analyzed their applicability in energy planning

problems. The use of an analytic hierarchy process (AHP) was explored

by Si et al. [16] for assessment of retrofitting measures considering

the characteristics of buildings. Jaggs and Palmer [17] developed an

energy performance and indoor environmental quality retrofit (EPIQR)

methodology to assist building owners in choosing the most effective

retrofit actions while considering a maximum allocated budget. To

assess a number of retrofitting scenarios, Flourentzou and Roulet

[18] used two multi-criteria analysis approaches of EPIQR and a

decision-making tool for selecting office building upgrading solutions

(TOBUS). Rey [19] also employed a multi-criteria assessment method-

ology to identify the best retrofit scenarios for a case study building.

Lohet et al. [20] introduced a model called EATT (environmental

assessment trade-off tool) incorporating AHP model considering energy

performance and different design criteria in the early building design

decisions. In order to help designers select the most operationally

feasible energy measures, Alanne [21] proposed a multi-criteria ‘‘knap-

sack’’ model, which first utilizes an MCDM approach to calculate

utility scores or weights alternative retrofit measures based on specific

criteria. Then, using a knapsack optimization method, they identified

the best implementation scenario for these retrofit actions.

In real-world cases, many parameters and factors influence en-

ergy management optimization, mostly associated with varied degrees

of uncertainty. However, in conventional methods, for simplification,

those parameters or coefficients were usually specified as deterministic,

whereas uncertainties in design variables, coefficients and parameters

are not taken into consideration [22]. Uncertainties could directly af-

fect the selection of retrofitting measures and the success of a retrofit

project. A decent prediction/formulation approach to address uncertain

parameters is crucial to achieve a maximum building energy efficiency

during the whole lifespan of buildings [2]. However, on the negative

side, formulating an optimization model under uncertainty could lead

to a computationally intensive model. By definition, uncertainty is re-

garded as the lack of knowledge and intrinsic variability of a model

and its environment [22]. The main aim of uncertainty analysis is to

investigate the reliability of the results and to establish the occurrence

likelihood of particular states of a model [23]. In energy optimization

models there are different sources of uncertainty; variables, vagueness

in constraints, highly variable climate and environmental parameters,

and future building performance and operation decisions [24,25].

For planning of energy retrofit applications, Gabrelli and Ruggeri

[26] developed a retrofit decision model for building portfolios in

contrary to a single building. They employed several approaches such

as regression analysis, life-cycle costing, multi-attribute optimization,

discounted cash flow analysis, and the Monte Carlo simulation. A

weakness of their model was the lack of consideration of qualitative

attributes as well as their associated weights. Tian et al. [27] reviewed

adopted uncertainty analysis methods in building energy assessments.

Das et al. [28] used a retrofit case study in Sweden and investigated the

impacts of admitting uncertainties in evaluation of energy efficiency

measures. Verderame et al. [29] conducted a review of planning and

scheduling approaches utilized in different applications (including

energy planning) highlighting the role and importance of uncertainty

analysis. Zeng et al. [30] provided a review of literature on energy

systems optimization by considering three approaches to cope with

potential uncertainties including stochastic, fuzzy and interval program-

ming. Mavrotas et al. formulated a mixed integer linear programming

model, comprising both linear and integer variables, representing

energy flows and discrete energy technologies for a case study hotel in

Greece, respectively. Ultimately, a number of fuzzy parameters have

been suggested to handle uncertainties in energy costs and fuel prices

[31]. They also proposed an integrated modelling and optimization

framework where the minimization of costs and the maximization of

demand satisfaction are considered as objective functions. The energy

demand uncertainties were formulated using fuzzy set theory [32].

Rezvan et al. [33] used a multi-objective optimization method subject

to uncertainties in energy demand to calculate the optimum capacity

of distributed generation technologies for a stock of buildings.

Liu et al. [34] integrated chance-constrained programming, interval

linear programming and mixed integer linear programming to address

the uncertainties associated with estimation of probability density

functions and intervals. They proposed an inexact model for long-term

planning of power systems. Diwekar [35] developed an integrated

multi-objective optimization model under parameter uncertainties us-

ing probability distributions associated with green engineering concepts

in material selection stage. Mazur [36] developed a fuzzy non-linear

programming framework in which a maximum energy efficiency and a

minimum total cost rate, as well as different constraints, are formulated

using fuzzy set theory. Borges and Antunes [37] proposed a fuzzy multi-

objective linear programming approach to incorporate the uncertainties

and imprecision associated with the coefficients of an input-output

78



F. Amiri Fard and F. Nasiri Energy and Built Environment 1 (2020) 77–86

energy economy planning model. Sadeghi and Hosseini [38] demon-

strated an application of fuzzy linear programming for optimization of

an energy supply system in Iran comprising fuzzy coefficients for invest-

ment costs. Yokoyama et al. [39] developed a multilevel linear program-

ming method under uncertain energy demands based on the minimax

regret criterion. A fuzzy multi-objective mathematical programming

was employed by Bitar et al. [40] to find a compromise between differ-

ent objective functions simultaneously dealing with potential uncertain-

ties and subjective information. An optimization modelling approach

using fuzzy set theory was developed by Nguene and Finger [41] to

measure potential losses and gains of decision makers when aiming for

optimal policies for energy allocations over different time horizons.

Despite the existence of literature, there are still a number of gaps

in assessment and optimization of building retrofit projects. In partic-

ular, using a multi-objective optimization method could create several

solution scenarios complicating the retrofit decisions when it comes to

implementation. There is a need for a filtering method to prioritize se-

lected alternative retrofit measures. In this sense, only a select number of

measures will be qualified for consideration in the optimization phase.

In addition, by considering a range of decision criteria in the assessment

phase, the number of objective functions in the optimization model will

be reduced. A decent prediction of uncertainty parameters associated

with optimization is needed to help select the best retrofit alternatives

maximizing building energy efficiency.

3. Assessment-optimization approach under uncertainty

The literature review identified several criteria that reflect the non-

monetary values associated with retrofit measures as presented in Fig. 1.

Each of these criteria can be further broken down into several sub crite-

ria. Reflecting on the multiplicity of these criteria and the gaps identified

in the literature review, a three-step approach is proposed for investi-

gation of passive energy technologies for adoption in retrofit projects.

Firstly, an analytic network process (ANP) is utilized to calculate the rel-

ative weights of alternative retrofit measures according to a set of iden-

tified criteria from the literature, namely environmental, occupancy, re-

source (energy) efficiency, and implementation feasibility. The ANP is

an extension of the AHP approach with consideration of interdepen-

dencies among decision criteria [13]. These relative weights will be

used in formulating a utility function capturing and integrating the non-

monetary decision criteria. Secondly, an optimization phase is explored,

in which the above formulated “Utility” function is maximized while

the “Retrofit Cost” is minimized. In this multi-objective optimization

problem, we employ and compare two mathematical programming ap-

proaches; linear programming in which allows a partial implementation

of retrofit measures, and integer programming which considers 0–1 de-

cision variables representing go/no-go decisions for alternative passive

measures. We also explore consideration of different constraints accord-

ing to retrofit targets, needs and standards. Thirdly, in terms of monetary

(costing) considerations, fuzzy theory is explored to incorporate uncer-

tainties in estimation of material costs, forming a cost objective function.

The following section is providing a detailed description of the proposed

methodology:

3.1. Multiple-criteria assessment

Adopting an analytic hierarchy process (ANP) as the multiple crite-

ria assessment approach, the criteria and sub criteria, called clusters and

nods, form an ANP network. The nods in a cluster can impact some or

all of the nods of any other cluster. The dependencies are illustrated by

arcs with different directions. In some cases, there is interdependency

among nods in the same cluster which is shown by a looped arc. After

assigning and finding the relationships among nods and clusters. The

nods of each cluster are pair wisely compared with respect to their im-

pacts on the other nods in the cluster. The same comparison applies for

any possible interdependencies. The relative preference weights are cal-

culated using a scale from 1 to 9, where 1 is for equal importance, 3

for moderate importance, 5 for strong importance, 7 for very strong im-

portance, and 9 for extreme importance. In addition, the even values 2,

4, 6, and 8 are used to reflect intermediate nuances in this scale. Then

local priority vectors are obtained for each pairwise comparison matrix

by employing the eigenvector method. All these local priority vectors

are formed an initial supermatrix which is a partitioned matrix where

each segment represents a relationship between two clusters. Then, the

supermatrix is transformed into the weighted supermatrix which allows

convergence to occur in the limit supermatrix. Finally, the weighted su-

permatrix is transformed into the limit supermatrix by raising it to pow-

ers to capture the transmission of influence along all possible paths of

the supermatrix. Raising the weighted supermatrix allows convergence

of the matrix and the resulting matrix is called the limit supermatrix,

which generates limit priorities capturing all of the direct and indirect

influences of each nod on every other nod [42]. The composition of

these weights generates the ranking scores of alternatives.

3.2. Bi-objective optimization

We use the above-mentioned scores as relative weights of alterna-

tives to form a utility function, representing an integrated value score

associated with each retrofit project. In that sense, an optimization prob-

lem can be formulated targeting a maximum utility while minimizing

the associated costs. The following bi-objective optimization model can

serve this purpose:

Maximize U = u ⋅ X (1)

Maximize C = c ⋅ X (2)

Subject to:

AX ≤ b

X ≥ 0 (3)

Where 𝑐 = (𝑐1, 𝑐2, 𝑐3 … 𝑐
𝑛
) and 𝑢 = (𝑢1, 𝑢2, 𝑢3 … 𝑢

𝑛
) are the cost and

relative utility vectors associated with the decision alternatives and 𝑋 =
(𝑥1, 𝑥2, 𝑥3 … 𝑥

𝑛
) is the vector of the decision variables representing the

alternatives. Eq. (3) represents a series of typical technical constraints

that could include capacity constraints, budget constraints, etc.

3.3. Uncertainty formulation/analysis

The formulation of uncertainties in optimization problems is widely

studied in the literature. There are three classes of methodologies

explored namely, stochastic, interval and fuzzy approaches. Stochastic

programming is considered when parameters or coefficients are not

known but can be defined as probabilities or chances. Using stochas-

tic methods may not lead to complexity reduction of programming

problems. However, they depict the impact of uncertainties and the

correlation between uncertain inputs and outputs. Chance-constrained

programming and two-stage stochastic programming are two major

methods under stochastic mathematical programming [30]. The main

goal of the former method is the reliability of a system (i.e. in an

uncertain environment how a system is able to meet feasibility) which

is defined as a minimum requirement on the probability of satisfying

constraints [43].The latter is concerned for optimization problems in

which the related data are mostly uncertain and analysis of policy

scenarios is desired [30]. Some parameters, such as energy price, can be

stated as probability distributions over a specific period, according to

available literature and historical data. These probability distributions

can be expressed by either discrete values or continuous functions [44].

An alternative way to formulate uncertain parameters is to express

them as intervals with unknown distributions. Interval programming
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Fig. 1. Proposed approach and its phases.

generates interval solutions with improved applicability through ad-

dressing interval information in the coefficients of the constraint and

objective function [45]. An uncertain parameter is replaced with an in-

terval range and the value fluctuates within a minimum and maximum

range without distribution information of this interval. Consequently, a

range of optimal solution is obtained and shows how the variables effect

it [46]. The following features are added to an optimization method by

using Interval programming: (1) it promises uncertainties to be directly

communicated into the optimization and solution processes; (2) it does

not make a model more complicated; therefore, the model will have rel-

atively low computational requirements; and (3) it does not need mem-

bership or distributional information for parameters due to lack of dis-

tribution information and the membership functions [30]. Furthermore,

defining fluctuation interval is typically much easier for decision makers

and engineers to specify a distribution [47].

Finally, fuzzy programming can be used to formulate uncertainties

in optimization problems. Uncertainty in parameters and constraints in

this approach are treated as fuzzy numbers and fuzzy sets, respectively.

Constraint violation is acceptable to some extent and the degree of sat-

isfaction of a constraint is designated as the membership function of

the constraint [43]. The principal advantage of this method is that it de-

scribes the uncertainties with a non-probabilistic framework. Moreover,

uncertainties can be handled straightforward without requiring many

realizations.it can also deal with the membership or non-membership of

an object in a set with vague boundaries. This theory can quantify linear

and non-linear relations between uncertain system inputs and outputs

by constructing different membership functions [45].

In engineering problems, fuzzy programming or interval program-

ming are sometimes sought more appropriate due to lack of distribu-

tion information [46]. However, simplification of some parameters as

intervals without possibility distributions may lead to loss of valuable

information. To tackle this issue, fuzzy programming can enhance un-

certainty reflection of pure intervals [44]. Therefore, in this paper our

focus is on the fuzzy set theory. In residential building, capital cost is

sought as the most important factor for running a retrofit project due to

the fact that less initial investment for an individual has a higher deci-

sion impact rather than a long-term investment approach for industry

[46]. Therefore, the cost function is formulated as follows:

Minimize C = 𝑐 X (4)

Subject to:

AX ≤ b
X ≥ 0

Where 𝑐 = (𝑐1, 𝑐2, 𝑐3 … 𝑐
𝑛
) is the fuzzy vector of the objective function

cost coefficients.

80



F. Amiri Fard and F. Nasiri Energy and Built Environment 1 (2020) 77–86

These fuzzy parameters can be specified through a membership func-

tion μ
𝑐
𝑖

= (𝑥, 𝑐
𝑜

𝑖
, 𝑐
𝑚

𝑖
, 𝑐
𝑝

𝑖
), 𝑐

𝑖
are fuzzy triangular numbers. These fuzzy co-

efficients are denoted by 𝑐
𝑖
= (𝑐

𝑜

𝑖
, 𝑐
𝑚

𝑖
, 𝑐
𝑝

𝑖
) where 𝑐

𝑚

𝑖
is mean and 𝑐

𝑝

𝑖
, 𝑐

𝑜

𝑖
are

pessimistic and optimistic cost estimations respectively. Thus, the cost

function can be rewritten as follows:

Minimize C =
[(
𝑐
m − 𝑐p

)
X, 𝑐mX,

(
𝑐
o − 𝑐m

)
X
]

(5)

Subject to:

AX ≤ b
X ≥ 0

The above optimization problem has to deal with three objective

functions (depending on which set of estimates is used). Different

methods were employed to combine these three objectives and form a

single objective optimization, including fuzzy graded mean integration,

fuzzy aggregation approach, and fuzzy interval approach. We explore

the formulation of uncertainties in the above proposed bi-objective

optimization problem using these three approaches, and will compare

the outcomes to seek insights on their differences and similarities with

respect to formulation of uncertainties and the obtained solutions. A

fuzzy graded mean integration approach [48] defuzzyfies the fuzzy

numbers and transforms them into crisp numbers, transforming the

multi-objective optimization problem, presented in Eq. (5), into a single

objective one. A common approach is to use a Beta (distribution) mean

equation as follows:

Minimize C = [(𝑐m − 𝑐p)+4 𝑐m+(𝑐o − 𝑐m)]
6

X (6)

Subject to:

AX ≤ b
X ≥ 0

Alternatively, a fuzzy aggregation approach [38] can be utilized to

integrate the multi objective problems presented in Eq. (5) into one ob-

jective as follows:

Minimize C =
[
𝑐
m + ω

(
𝑐
0 − 𝑐m

)
+ (1 − ω)

(
𝑐
p − 𝑐m

)]
X (7)

Subject to:

AX ≤ b
X ≥ 0

Where 𝜔 is a weight that corresponds to decision maker’s degree of op-

timism. Higher value of 𝜔 reports a decision maker with higher accep-

tance of optimistic cost estimation. A risk averse decision maker prefers

to take pessimistic cost estimation into consideration.

In addition, a fuzzy interval approach [49] can be utilized which

assumes a bell-shape fuzzy distribution for the cost parameters. As such,

for each membership function, two fuzzy coefficients exist, as lower and

upper estimates, on two sides of the mean value. In that sense, three

optimization objectives can be identified, the mean 𝑐
𝑚

.X, right spread

(𝑐
𝑝
-𝑐
𝑚

).X (that will be minimized) and left spread (𝑐
𝑚 − 𝑐𝑜).X (that will

be maximized):

Min C1 = 𝑐mX (8)

Min C2 = (𝑐p−𝑐m)X (9)

Max C3 = (𝑐m−𝑐o)X (10)

The fuzzy interval approach not only guarantees the optimization

based on mean, optimistic, and pessimistic estimates, it accounts for

the distribution of these estimations and the variations among them. In

this case, we have to deal with a multiple objective optimization prob-

lem. In this sense, three alternative multi-objective optimization meth-

ods are explored to the problem represented by Eqs. (8)–(10); “distance

to ideal”, “goal programming” and “compromise programming”. The

solution approaches consider integer and linear variable scenarios. The

former one is associated with the case of having go/no-go decisions for

alternative retrofit measures and the latter allows for partial inclusion

of these measures in the solution. In distance to ideal method [50], the

cost and utility objectives are integrated to form one single objective,

incorporating the distance of each objective function to its best possible

value. To identify best cost value, the model is optimized only with a

cost minimization objective function. To calculate the best value for the

utility function, we optimize the model only with a utility maximiza-

tion objective function. The following equation can then demonstrate

the concept of integration, in which the sum of distances to ideal solu-

tions is minimized as a single objective function:

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑍 =
{(

𝑓1 𝑚𝑎𝑥 − 𝑓1(𝑥)
𝑓1𝑚𝑎𝑥 − 𝑓1𝑚𝑖𝑛

)
+

(
𝑓2(𝑥) − 𝑓2𝑚𝑖𝑛
𝑓2𝑚𝑎𝑥 − 𝑓2𝑚𝑖𝑛

)}
(11)

In goal programming approach, one of the objectives is placed as

the main objective, and the second objective is transformed to a con-

straint by considering a target value for it. In doing so, in the first sce-

nario, the utility function is placed as the main objective which has to

be maximized and cost would be added as a constraint with a target that

captures a certain percentage deviation (v) from its minimum value:

Maximize utility f1(x)

Subject to:

f2(x) ≤ (1 + 𝑣)f2 min (12)

In the second scenario, cost could be considered as the principal ob-

jective and the utility function is added to the constraints with a tar-

get that captures a certain percentage deviation (y) from its maximum

value:

Minimize cost f2(x)

Subject to:

f1(x) ≥ (1 − 𝑦)f1 max (13)

In scenario 1, when we model uncertainty using the fuzzy interval

approach, the main objective is maximizing the utility function whereas

cost is managed as a constraint with a certain percentage deviation from

its minimum value (v). In this situation, due to the existence of three cost

functions, it is needed to identify a balance solution between feasibility

degree of constraint and satisfaction degree of the objective function

which allows a decision maker to decide a compromise solution. The

degree of feasibility can be calculated as follows:

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐹𝑒𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

1 𝑏 ≥ 𝐶
𝑝

1 − (𝐶𝑝−𝑏)2(
𝐶
𝑝
−𝐶

𝑚

)
∗
(
𝐶
𝑝
−𝐶

𝑜

) 𝐶
𝑚
≤ 𝑏 ≤ 𝐶

𝑝

𝑏−𝐶
𝑜

𝐶
𝑚
−𝐶

𝑜

𝐶
𝑚
≤ 𝑏 ≤ 𝐶

𝑝

0 𝑏 ≤ 𝐶
𝑜

(14)

Where b = (1 + +v) f2 min

Using a compromise programming approach, the multi-objective

problem will be aggregated into a single objective one considering a

set of compromise constraints [51]. In this sense, both objectives are

rewritten by using a common weight of 𝜆 and added to the set of exist-

ing constraints:

Maximize 𝜆

Subject to:

f1(x) ≥ λ f1 max + (1 − λ)f1 min (15)

f2(x) ≤ λ f2 min + (1 − λ)f2max (16)

Based on Eqs. (15) and (16), if 𝜆 as the single objective function

is maximized then f1 (x) will be closer to its maximum value and f2

(x) will be closer to its minimum [52]. In this sense, the concept of

𝜆, capturing the best compromise, is very similar to distance to ideal

approach without the need to account for the sum of distances.
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Table 1

Characteristics and data for alternative passive energy technologies.

Measure Type N Description Thickness Thermal resistance Optimistic Cost ($/m
2
) Cost ($/m

2
) Pessimistic Cost ($/m

2
)

Window type 1 Vinyl double hung window-double insulated glass – – 500.00 550.00 585.00

2 Vinyl double hung window-one insulated glass – – 215.00 245.00 282.00

3 Vinyl casement window-double insulated glass – – 520.00 580.00 618.00

4 Vinyl casement window-one insulated glass – – 412.00 460.00 541.00

External

Insulation

Type

1 Rigid insulation-Expanded polystyrene 0.076 R11.49 16.00 16.90 18.31

2 Rigid insulation-Extruded polystyrene 0.05 R10 18.10 20.88 24.00

3 Rigid insulation-Extruded polystyrene 0.076 R15 24.70 26.08 26.90

4 Rigid insulation-Isocyanurate 0.05 R6 16.66 17.76 19.77

5 Semi rigid insulation-Stone wool 0.089 R15 10.30 10.87 11.55

Internal

Insulation

Type

1 Semi-rigid insulation-Un faced Fiberglass 0.089 R13 13.31 14.31 15.80

2 Semi-rigid insulation-Un faced Fiberglass 0.089 R15 15.90 17.20 19.00

3 Rigid insulation-un faced Fiberglass 0.05 R8.3 10.40 11.52 12.95

4 Rigid insulation-un faced Fiberglass 0.076 R12.4 8.00 9.04 9.90

5 Rigid insulation-Perlite 0.05 R5.55 16.30 16.90 18.00

Vapor Barrier

Type

1 Aluminum foil 0.025 – 1.23 1.30 1.10

2 Polyethylene 0.051 – 0.85 1.00 0.77

3 Polyvinyl chloride 0.051 – 1.02 1.15 0.98

4 Polyester 0.025 – 1.47 1.60 1.25

5 Cellulose acetate 0.25 – 2.12 2.18 1.95

Weather

Barrier Type

1 House wrap spunbonded polypropylene – – 3.10 3.34 3.50

2 Building wrap spunbonded polyethylene – – 0.77 0.90 1.05

3 Asphalt felt paper – – 2.20 2.26 2.55

Table 2

Utility weights obtained from ANP.

Alternatives N = =1 N = =2 N = =3 N = =4 N = =5

Windows 0.063743 0.035306 0.06637 0.047196 –

External wall insulation 0.058080 0.029318 0.041879 0.050675 0.052317

Internal wall insulation 0.057280 0.080291 0.060683 0.064831 0.075446

Vapor barrier 0.008676 0.047229 0.020624 0.037298 0.072237

Weather barrier 0.012221 0.007855 0.010443 – –

4. Case study

To investigate the applicability of the proposed model, we consider

a generic case study. The case study used in this paper is assumed a

three-story residential building, situated in Montreal, Canada which is

a cold climate region with minimal retrofit since its construction, the

size is 8 m by 10 m and its height is 3 m floor by floor, the total floor

area for each level is 80 m
2

and the total wall area and window area of

the building is 204 m
2

and 12 m
2
, respectively, representing 15% of the

floor area.

According to the framework presented in Fig. 1, a list of possi-

ble energy efficiency measures is identified by the retrofit designer

based on stakeholders’ views about what they expect from a retrofit

project. In the second step, ANP as a multiple criteria decision-making

tool is used (see Fig. 1) with implementation complexity, resource use,

environmental impact and occupant comfort as main decision criteria

clustered into 14 sub-criteria, assessing alternative passive energy tech-

nologies (ea. window improvement, external wall insulation, internal

wall insulation, vapor barrier, and weather barrier). A questionnaire

survey has been conducted among a group of local energy efficiency ex-

perts and facility users, with 16 respondents, posing a consistency ratio

of less than 0.08. These weights obtained from ANP can be interpreted

as the relative utilities (benefits) associated with alternatives forming a

utility function. Assuming that there are ‘a’ alternative types of windows

(a = 1, 2,…, A), ‘b’ alternative types of external wall insulation (b = 1,

2,…,B), ‘c’ alternative types of internal wall insulation (c = 1, 2,…, C),

‘d’ alternative types of vapor barrier (d = 1,2,…, D), and ‘e’ alternative

types of weather barrier (e = 1, 2,…, E), the bi-objective optimization

model is written as follows:

Maximize

𝑈 =
𝐴∑

𝑎=1
𝑈
𝑊 𝑖𝑛

𝑎
𝑥
𝑊 𝑖𝑛

𝑎
+

𝐵∑

𝑏=1
𝑈
𝐸𝑊𝐴𝐿𝐿

𝑏
𝑥
𝐸𝑊𝐴𝐿𝐿

𝑏
+

𝐶∑

𝐶=1
𝑈
𝐼𝑊𝐴𝐿𝐿

𝑐
𝑥
𝐼𝑊 𝐴𝐿𝐿

𝑐

+
𝐷∑

𝑑=1
𝑈
𝑉 𝐵

𝑑
𝑥
𝑉 𝐵

𝑑
+

𝐸∑

𝑒=1
𝑈
𝑊𝐵

𝑒
𝑥
𝑊 𝐵

𝑒
(17)

Table 3

Pareto optimal solutions.

Fuzzy programming Type of solution Utility Cost ($) WIT EWALL IWALL VB WB

Graded mean

integration

Max f1 (x) 0.231119 $11,259.82 3 0 2 5 1

Min f2 (x) 0.155222 $4925.22 2 0 4 2 2

Aggregate

approach

𝜔=0.2 Max f1 (x) 0.231119 $12,063.34 3 0 2 5 1

Min f2 (x) 0.155222 $5562.67 2 0 4 2 2

𝜔=0.4 Max f1 (x) 0.231119 $11,675.95 3 0 2 5 1

Min f2 (x) 0.155222 $5303.54 2 0 4 2 2

𝜔=0.6 Max f1 (x) 0.231119 $11,288.57 3 0 2 5 1

Min f2 (x) 0.155222 $5044.42 2 0 4 2 2

𝜔=0.8 Max f1 (x) 0.231119 $10,901.18 3 0 2 5 1

Min f2 (x) 0.155222 $4785.29 2 0 4 2 2

Interval approach Type of solution Best Worst WIT EWALL IWALL VB WB

Max f1 (x) 0.231119 0.155221 3 0 2 5 1

Min f2 (x) $5141.16 $13,261.56 2 0 4 2 2

Min f3 (x) $638.28 $868.08 1 0 4 5 2

Min f4 (x) $615 $1346.28 3 3 0 4 1
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Table 4

Optimal solutions for different multi-objective formulation with respect to Graded mean integration approach.

Optimization method Variables Z 𝜆 Utility Cost Window type External wall

insulation

Internal wall

insulation

Vapor barrier

type

Water barrier

type

Distance to ideal Linear 0.711408 – 0.180229 $5184.30 2 0 4 5 2

Integer 0.711408 – 0.180229 $5184.30 2 0 4 5 2

Compromise

programming

Linear – 0.604213 0.201204 $7448.18 2 (0.967)

3 (0.033)

0 2 5 1

Integer – 0.590713 0.200055 $7301.82 2 0 2 5 1

Goal programming

Scenario 1

Linear – – 0.182419 $5417.74 2 0 2 (0.14)

4 (0.86)

5 2

Integer – – 0.180229 $5184.30 2 0 4 5 2

Goal programming

Scenario 2

Linear – – 0.208007 $8315.02 2 (0.74)

3 (0.26)

0 2 5 1

Integer – – 0.208666 $8808.30 1 0 4 5 2

Minimize

𝐶 = AWIN
A∑

a=0
CWINa 𝑥

𝑊 𝐼𝑁

𝑎
+ AEWALL

B∑

b=0
CEWALLb 𝑥

𝐸𝑊𝐴𝐿𝐿

𝑏

+AIWALL
C∑

c=0
CIWALLc 𝑥

𝐼𝑊 𝐴𝐿𝐿

𝑐
+AVB

D∑

d=0
CVBd 𝑥

𝑉 𝐵

𝑑
+ AWB

E∑

e=0
CWBe 𝑥

𝑊𝐵

𝑒
(18)

To diversify the choice of retrofitting measures, it is assumed

that for one retrofit measure from each category could be selected.

Eq. (19) presents the set of constraints that address this assumption.

Subject to:

A∑

a=0
𝑥
𝑊 𝐼𝑁

𝑎
= 1;

B∑

b=0
𝑥
𝐸𝑊𝐴𝐿𝐿

𝑏
= 1;

𝐶∑

c=0
𝑥
𝐼𝑊 𝐴𝐿𝐿

𝑐
= 1;

D∑

d=0
𝑥
𝑉 𝐵

𝑑
= 1;

E∑

𝑒=0
𝑥
𝑊𝐵

𝑒
= 1; 𝑥𝐸𝑊𝐴𝐿𝐿

𝑏
+ 𝑥𝐼𝑊 𝐴𝐿𝐿

𝑐
= 1 (19)

Where AWIN: Windows area (m
2
), CWINa , AEWALL exterior wall surface

to be insulated (m
2
), AIWALL: Interior wall surface to be insulated (m

2
),

AAIRT: Vapor barrier surface area (m
2
), AWB: Weather barrier surface

area where 𝑈
𝑊 𝐼𝑁

𝑎
= utility weight of window type a; 𝑈

𝐸𝑊𝐴𝐿𝐿

𝑏
= util-

ity weight of external insulation material type b; 𝑈
𝐼𝑊𝐴𝐿𝐿

𝑐
= utility

weight of internal insulation material type c; 𝑈
𝑉 𝐵

𝑑
= utility weight of

vapor barrier type d; 𝑈
𝑊𝐵

𝑒
= utility weight of weather barrier type

e; 𝑥
𝑊 𝐼𝑁

𝑎
= window type decision variable; 𝑥

𝐸𝑊𝐴𝐿𝐿

𝑏
= external insula-

tion material type decision variable; 𝑥
𝐼𝑊 𝐴𝐿𝐿

𝑐
= internal insulation ma-

terial type decision variable; 𝑥
𝑉 𝐵

𝑑
= vapor barrier type decision vari-

able; 𝑥
𝑊𝐵

𝑒
= weather barrier type decision variable; CWINa = initial cost

of window type a ($/m
2
); CEWALLb = initial cost of exterior wall insu-

lation material type b ($/m
2
); CIWALLc = initial cost of interior wall

insulation material type c ($/m
2
); CVBd = initial cost of vapor barrier

of material type d ($/m
2
); and CWBe = cost of weather barrier type

e ($/m
2
).

Table 1 illustrates the characteristics of these alternative retrofit

measures and their subcategories alongside possible optimistic and pes-

simistic costs for each measure where Co, Cm, Cp are the most optimistic,

the most possible and the most pessimistic values. All the prices are as-

sumed for this case study. The relative weights of alternative passive

measures are calculated through the ANP, as presented in Table 2. Con-

sidering alternative options in each category of passive measures, there

is a minimum of 1400 combinations of passive measures for implemen-

tation in the case study building. This multiplicity of choices clearly re-

flects the importance of integrating the non-monetary criteria, to depart

from a multi-objective problem with several objectives and to arrive at

one objective using ANP. Table 3 demonstrates the optimization results

with respect to different fuzzy methods employed when objective func-

tions are optimized individually (i.e., Pareto solutions). These objectives

are conflicting. If the utility function reaches its optimal value, the cost

is not optimal, and vice versa.

5. Results and discussion

A summary of multi-objective solutions regarding different fuzzy set

approaches and the associated values of selected variables are shown

in the Tables 4–6. We have provided a comparative analysis of various

combinations of uncertainty formulations and bi-objective optimization

solution approaches. The similarity of the outcomes from every combi-

nation scenario shows a convergence towards the selected set of mea-

sures representing a robust approach in identifying the best tradeoff be-

tween utility and cost objectives. In graded mean integration approach,

the variable values resulted from distance to ideal method in both lin-

ear and integer cases, and goal programming#1 for integer cases are the

same. For the rest of optimization scenarios, there are similar decisions

for at least in three of five measures. For window type, measure type 2

was selected in most of the cases as the higher cost savings outweigh the

utility compromises. However, in goal programming#2 for integer case,

and compromise programming linear and integer cases, window type 1

was selected to improve the utility. In all cases, vapor barrier type 5

was selected. This reflects the extent of the utility gains resulted from

this measure compared to its elevated cost. External wall insulation as

an alternative was not selected in this case project and in any solution.

The weights were given to the internal wall insulation types by energy

experts for the utility function were considerably higher than external

insulation due to the fact that the case study building is situated in a

cold climate region.

The goal programming scenario 2 demonstrates the highest mini-

mum cost due to the restrictive constraint on utility with an allowance

of 10 percentage deviation from the maximum utility value. It is also

observed that all of the solutions almost represent the same selection of

measures which confirms the robustness of the outcomes with respect

to the choice of formulation and solution approach. Selecting window

type 2 or 3, internal wall insulation type 2 or 4, vapor barrier type 5 and

weather barrier type 1 or 2, were recommended which can be explained

by the tradeoffs among their prices and utility values.

In Table 5, the results of optimization methods have been reported

for the case of aggregate approach. Changing the weighting factor

from 0.2 to 0.8 corresponds to the underlying investment conditions

becoming more optimistic and a reduction in the total investment of

retrofitting in all methods. It is notable that there is less sensitivity to the

extent of uncertainty in the distance to ideal method with the decision

makers’ degree of optimism having no impact on technology selection. It

is also observed that the options that fare best under a pessimistic cost-

ing assumption are the ones which provide the least distance to ideal.

The aggregate approach leads to a series of similar results due to mini-

mizing an aggregate cost function and maximizing the utility function.

However, in interval approach, the solutions (as presented in Table 6)

for the choice of technology will change as the decisions are now dic-

tated by optimizing three cost functions versus a utility function. This

has led to a greater comprise from a costing perspective and even opting
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Table 5

Optimal solutions for different multi-objective formulation with respect to aggregate approach.

Optimization

method

𝜔 Variables Z 𝜆 Utility Cost Window

type

External

wall

insulation

Internal

wall

insulation

Vapor

barrier type

Water

barrier type

Distance to ideal 0.2 Linear 0.707540 – 0.180229 $5803.39 2 0 4 5 2

Integer 0.707540 – 0.180229 $5803.39 2 0 4 5 2

0.4 Linear 0.708285 – 0.180229 $5544.26 2 0 4 5 2

Integer 0.708285 – 0.180229 $5544.26 2 0 4 5 2

0.6 Linear 0.709061 – 0.180229 $5285.14 2 0 4 5 2

Integer 0.709061 – 0.180229 $5285.14 2 0 4 5 2

0.8 Linear 0.709869 – 0.180229 $5026.01 2 0 4 5 2

Integer 0.709869 – 0.180229 $5026.01 2 0 4 5 2

Compromise

programming

0.2 Linear – 0.59802 0.200610 $8175.81 1 (0.02)

2 (0.98)

0 2 5 1

Integer – 0.590713 0.200055 $8105.74 2 0 2 5 1

0.4 Linear – 0.598219 0.200625 $7863.86 1 (0.02)

2 (0.98)

0 2 5 1

Integer – 0.590713 0.200055 $7792.75 2 0 2 5 1

0.6 Linear – 0.598449 0.201263 $7551.76 2 (0.9811)

3 (0.0189)

0 2 5 1

Integer – 0.590713 0.200055 $7479.77 2 0 2 5 1

0.8 Linear – 0.598696 0.200661 $7239.62 2 (0.9804)

3 (0.0195)

0 2 5 1

Integer – 0.590713 0.200055 $7166.78 2 0 2 5 1

Goal programming

Scenario 1

0.2 Linear – – 0.183013 $6118.94 2 0 4 5 1 (0.64)

2 (0.36)

Integer – – 0.182818 $6106.54 2 0 4 5 3

0.4 Linear – – 0.182810 $5833.90 2 0 4 5 1 (0.59)

2 (0.41)

Integer – – 0.180229 $5544.26 2 0 4 5 2

0.6 Linear – – 0.182614 $5548.86 2 0 2 (0.15)

4 (0.85)

5 2

Integer – – 0.180229 $5285.14 2 0 4 5 2

0.8 Linear – – 0.182443 $5263.82 2 0 2 (0.14)

4 (0.86)

5 2

Integer – – 0.180229 $5026.01 2 0 4 5 2

Goal programming

Scenario 2

0.2 Linear – – 0.208007 $9110.41 1 (0.28)

2 (0.72)

0 2 5 1

Integer – – 0.208666 $9396.19 1 0 4 5 2

0.4 Linear – – 0.208007 $8785.34 1 (0.28)

2 (0.72)

0 2 5 1

Integer – – 0.208666 $9093.86 1 0 4 5 2

0.6 Linear – – 0.208007 $8454.78 2 (0.74)

3 (0.26)

0 2 5 1

Integer – – 0.208666 $8791.54 1 0 4 5 2

0.8 Linear – – 0.208007 $8122.75 2 (0.74)

3 (0.26)

0 2 5 1

Integer – – 0.208666 $8489.21 1 0 4 5 2

Table 6

Optimal solutions for different multi-objective formulation with respect to interval approach.

Optimization

method

Variables Z 𝜆 Utility Cost Window

type

External

wall

insulation

Internal

wall

insulation

Vapor

barrier type

Water

barrier type

Distance to ideal Linear 1.407117 – 0.213032 $9558.00 1 0 4 5 1

Integer 1.407117 – 0.213032 $9558.00 1 0 4 5 1

Compromise

programming

Linear – 0.502463 0.193357 $9181.36 2 (0.0438)

3 (0.9562)

0 4 4 (0.4744)

5 (0.5256)

2

Integer – 0.473046 0.211293 $9420.24 3 0 4 5 2

Goal programming

Scenario 1

Linear – – 0.182608 $5655.28 2 0 4 5 2 (0.08)

3 (0.92)

Integer – – 0.180229 $5184.30 2 0 4 5 2

Goal programming

Scenario 2

Linear – 0.511528 0.165980 $9107.75 2 (0.20)

3 (0.80)

3 (0.18) 4 (0.82) 4 2

Integer – 0.495402 0.147732 $9238.68 3 0 4 1 2

for lower utility in cases where there is no rigid constraint on the utility

values.

In summary, in most cases, the bi-optimization approaches do not

lead to significant variations over the utility objective function reflecting

the small variations among the alternatives when it comes to the utility

values. However, the cost variation is more remarkable in approaches

that are emphasizing the utility. In compromise programming and the

goal programming scenario 2, with rigid constraints on utility values,

a small improvement in the utility has led to over 50% increase in the

overall costs. In this sense, the choice of the optimization approach in

the presence of two objective functions (and estimation uncertainties)

for a retrofit project is subject to the extent of variations in expected

utilities and costs for the alternative targeted technologies. If the util-

ity values are not varying to a great extent, the distance to ideal and
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goal programming scenario 1 generate more promising solutions while

a larger variation in the utility values can be accommodated using the

compromise programming or goal programming scenario 2.

6. Conclusions

Due to synergy effects or cross effects of energy conservation mea-

sures employed in building retrofit projects, an appropriate selection

of them plays a vital role in improving the energy saving potentials of

buildings. The proposed model aims at taking into account both qual-

itative and quantitative decision criteria as well as various types of

constraints and uncertainties to provide a comprehensive decision aid

for prioritization/selection of passive energy conservation measures in

retrofit projects. A novel aspect of the proposed approach rests in devel-

opment of a utility function, representing multiple non-monetary (quali-

tative) assessment criteria. In addition, a comparative analysis of various

combinations of uncertainty formulations and bi-objective optimization

solution approaches were explored. The similarity of the outcomes from

every combination scenario shows a convergence towards the selected

set of measures representing a robust approach in identifying the best

tradeoff between utility and cost objectives.

There are several avenues for future research. A combined assess-

ment of active and passive measure can be conducted [53]. In doing so, a

life-cycle cost approach needs to be taken into consideration accounting

for initial (capital) costs as well as expected maintenance/operational

expenditures. In addition, the proposed approach was applied to a case

study which was rather a generic one. In a real-world case, the model

shall be modified to some extent including adoption of higher variations

in values of uncertain parameters. Based on the level of available infor-

mation, application of simulation tools and sensitivity analysis approach

can be explored to a wide range of future replacement and maintenance

scenarios.
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a b s t r a c t

High concentration particulate matter (PM) has been a serious environmental problem in China and other devel-

oping countries. Electrostatic-based purification technology is a method to remove airborne particles, and can

reduce the energy consumption of ventilation fans in buildings because of its low pressure drop. In this study,

we developed a new pin-to-plate corona discharger with particle-free external air protection to prevent particles

polluting the surface of discharge pins. By using an optical microscope, we observed a certain number of parti-

cles deposited on the non-protected (exposed pins) and few particles deposited on the protected pins after they

operating for 3 weeks. We experimentally studied the long-term performances of the exposed and protected pins

in single-pass PM removal efficiency and ozone production. The results showed that the protected pins produce

less ozone and have higher breakdown voltage than the exposed pins. Experimental results indicated that the im-

proved pin-to-plate corona discharger has better long-term performance and is safer than the exposed one. The

results of the research can give an understanding of how to improve electrostatic-based purification technologies

toward stable discharging for high removal efficiency of particles.

1. Introduction

Ambient particulate matter (PM) pollution has been identified to

have a great impact on human health [1-4]. Ambient PM can penetrate

indoor via buildings’ envelopes or ventilation systems [5]. Therefore, air

purification serves a key role in helping to prevent human’s exposure to

hazardous PM [6].

Electrostatic-based purification technologies have an advantage

of low pressure drop compared with mechanical filtration. Among

them, electrostatic precipitator (ESP) is widely used in industry, public

buildings and residential buildings [7]. ESP removes airborne PM by the

electrostatic force between charged PM and grounded collecting elec-

trodes [7-9]. However, the single-pass removal efficiency of traditional

ESP is low, especially for fine and ultrafine particles [10]. To avoid this

disadvantage, researchers developed some improved electrostatic-based

technologies for PM removal. Wen et al. [11,12] used foam-covered

collection electrodes to enhance the collection efficiency. Feng et al.

[13] developed a hybrid electrostatic filtration system (HEFS), which

combined an ESP and a fibrous filter downstream. The authors found

that particles escaping from the ESP carried a large amount of charge

∗
Corresponding author at: Department of Building Science, Tsinghua University, Beijing 100084, China

E-mail address: mojinhan@tsinghua.edu.cn (J. Mo).

and therefore increased the filtration efficiency of the fibrous filter.

Recently, Tian et al. [14] developed a novel electrostatic-based tech-

nology, called the compact electrostatically assisted air (cEAA) coarse

filter, which efficiently filtrated ambient PM by synergistic particle

charging and filter polarizing. Tian et al. [15] further improved the

electrostatically assisted air (EAA) coarse filter and the improved EAA

coarse filter can enhance the single-pass removal efficiency of a low

pressure drop coarse filter from 0.4% to 99.0% (for 0.3 ~ 0.5 μm

PM). These technologies not only showed great improvement filtration

efficiency of coarse filters, but also energy saving potential due to the

fan power reduction needed to operate the ventilation system.

Above electrostatic-based purification technologies all consist of

charging zone and collecting zone. In the charging zone, particles get

charged by corona discharge. In the collecting zone, charged particles

drift towards the collecting electrodes driven by an electrostatic field.

Therefore, it is crucial to ensure particles fully charged in the charging

zone, especially during long-term operation. Or otherwise, insufficiently

charged particles can’t be efficiently captured in the collecting zone.

Patterns of discharge modules in charging zone commonly include:

(1) pin-to-plate discharge [16], (2) wire-to-plate discharge [16] and
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(3) carbon-fiber brush discharge [17-19]. Some studies [20] have shown

that the surface of discharge parts becomes contaminated when exposed

to airborne particles. In this way, the roughness of the discharge parts in-

creases significantly compared with that of the new ones. Therefore, the

corona characteristics of contaminated discharge parts will inevitably

change. Gallimberti et al. [21] and Riebel et al. [22,23] observed that

the performance of dust collectors changed when corona electrodes were

contaminated by PM. Dorsey and Davidson [24] studied the effects of

PM contaminated electrodes on volt-ampere characteristics and ozone

production. They reported that the serious fouling on the wires led to a

significant increase in corona current and ozone production. However,

a few studies focused on avoiding the dischargers being contaminated

by airborne particles. Kim et al. [25] developed a two-stage ESP with

multiple ion-injection-type chargers under corrosive and explosive gas

conditions. The compressed clean air shielded corrosive and explosive

gas to prevent the carbon-fiber brush electrodes being contaminated.

In this study, we developed a new pin-to-plate corona discharger

in combination with particle-free external air protection. The new dis-

charger can alleviate the discharge pin being contaminated by airborne

particles and consequently generating less ozone at the same time. The

purpose of this study was to experimentally evaluate the influencing

factors in the performance of the pin-to-plate discharger. These factors

included: applied voltage of the pins, roughness of the pins and ambient

air temperature. The results of the research can give an understanding

of how to improve electrostatic-based purification technologies toward

a stably highly efficient and safe one in long-term airborne PM removal.

2. Method

2.1. Particle-free discharge module

The schematic of new discharge module in combination with clean

air protection is shown in Fig. 1(a). The discharge module is composed of

a filter, a small flow pump, discharge pins connected to high voltage and

their surrounding acrylic plenum box and a perforated stainless-steel

plate connected to the ground. The filter has a total removal efficiency

of 90.6% for the particles from 0.3 μm to 10.0 μm. The ambient air was

filtrated and blown into the plenum box by a pump. Each plenum box

has one inlet and two small outlets in the direction of discharge pins as

shown in Fig. 1(b). The filtrated clean air was introduced into the box

at 0.8 L/min flow rate (the face air velocity at each outlet was 1.0 m/s),

making pins in it exposed to particle-free air. In this way, such particle-

free air injection would create a preferable and clean micro-atmosphere

to prevent particles depositing on pins during the corona discharge.

2.2. Experiment

The performances of the discharge modules with and without pro-

tection were measured parallelly in two 80 mm × 80 mm ventilation

ducts, as shown in Fig. 2. The ventilation ducts were located on the first

floor of an office building in the Tsinghua University campus in Beijing.

No heavy traffic, cooking activities or industrial emission appeared at

the site. Ambient air was supplied into the two ducts simultaneously

by one frequency alterable fan. In each duct, the air at a face velocity

of 1 m/s passed through a perforated diffusion plate and then the dis-

charge module with or without protection. The discharge pins are con-

nected to an adjustable (-30 to 0kV) high voltage direct current (HVDC)

power supply (730,030 N, GENVOLT, China). The stainless-steel plate

with 25 mm diameter holes was connected to ground. By applying high

voltage to the pins, the electric field around the pins got strong and

caused corona discharge, which produced large quantities of ions and

charged the airborne particles. To evaluate the charging performance,

we did not use any filter at the downstream of the charging module, but

we let the charged particles depositing on the inner wall of the duct in

this study.

Fig. 1. New pin-to-plate corona discharge module with clean air protection:

(a) schematic (b) photo.

During the experiment, the discharging voltage and current were

recorded every 60 min by the HVDC power supply. An ozone monitor

(Model 205, 2B Tech., USA) was used to record the ozone concentration

at the upstream and downstream of the discharge module. Air tempera-

ture and humidity were also recorded by sensors (WSZJ-1A, TIANJIAN-

HUAYI, China). The particle concentrations were measured by a particle

counter (Aerotrak 9306, TSI Inc, USA) at the upstream and downstream

of the discharge module. The particle counter can monitor the num-

ber concentration of particles in the size range of 0.3 ~ 10 μm. In this

study, the number concentrations of particles with 0.3 ~ 10.0 μm were

between 15,585 to 311,650 pcs/L. If assuming that the particle density

is 1 g/cm
3

as reported by other study [26], the mass concentrations are

in the range of 86.4 μg/m
3

to 323.3 μg/m
3
.

As reported that the filtration efficiencies for particles ranging from

0.3 to 0.5 μm were usually lowest in those for particles ranging from

0.3 to 10 μm [14,27–29], we chose filtration efficiency particles rang-

ing from 0.3 to 0.5 μm as a representative in this study. The number

concentrations of particles with 0.3 ~ 0.5 μm were between 12,000 to

260,000 pcs/L. The single-pass removal efficiency for particles ranging

from 0.3 to 0.5 μm is calculated as follows:

𝜂 =
𝐶up − 𝐶down

𝐶up
= 1 −

𝐶down
𝐶up

(1)

where 𝜂 is the single-pass removal efficiency; Cup and Cdown are the

particle number concentrations (pcs/L) at the upstream and downstream

of the module, respectively.

Net ozone production is calculated as follows:vv

Δ𝐶o = 𝐶down,o − 𝐶up,o (2)
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Fig. 2. Schematic of the experimental setup for the discharge module performance tests.

where ∆Co is the net ozone production (ppb); Cup,o and Cdown,o are

the ozone concentration (ppb) at the upstream and downstream of the

module, respectively.

3. Results and discussion

3.1. Microscopic observation on pin surface

We observed the surfaces of exposed and protected discharge pins

through an optical microscope before and after one-day operation. As

shown in Fig. 3 A1 and A2, the surface of an exposed discharge pin

had been obviously contaminated after one-day operation. However, as

shown in Fig. 3 B1 and B2, the discharge pin with clean air protected

had almost no particles deposition. Therefore, particle-free air protec-

tion developed in this study is preliminarily considered effective.

After a 3-week continuous operation, the surfaces of exposed and

protected discharge pins were observed by an optical microscope as

shown in Fig. 4. The microscopic images show that a large number

of particles deposited on the exposed pin, while only few particles de-

posited on the protected pin. Based on the results it can be concluded

that the clean air protection method can reduce the deposition of parti-

cles on the surface of the discharge pin.

3.2. Single-pass removal efficiency and ozone production

The single-pass removal efficiency of particles and ozone produc-

tion are two important parameters to evaluate the performance of the

discharge module. The different performances of the protected and ex-

posed discharge modules are shown in Fig. 5. The single-pass removal

efficiency for particles ranging from 0.3 to 0.5 μm and the net ozone pro-

duction both increased with the increase of applied voltage to the pins.

It’s worth noting that the exposed pins generated more ozone than the

protected pins. For example, when the efficiency was 70%, the amount

of ozone produced were 80 ppb and 53 ppb for the exposed and pro-

tected pins, respectively. Furthermore, the ozone growth rate of pro-

tected pin was slower than that of the exposed pin with the increase

of applied voltage. It indicated that the two modules have significant

difference in net ozone production.

Breakdown voltage of the air between the pin and the plate with

holes is the minimum voltage that causes the air to become electrically

conductive. During breaking down, a bright and filamentary current

channel bridges the air gap between the pin and the plate [30], which

decreases the number of charging particles and makes the module un-

safe. As shown in Fig. 6, the breakdown voltage of the protected pins

decreased from −16 kV to −15.5 kV, rate of change 3.1% and almost

no changed before and after operation. But the breakdown voltage of

the exposed pin decreased from −15.8 kV to −13.8 kV, rate of change

12.7%. It indicated that the exposed discharge pins will be easier to

cause voltage breakdown than the protected discharge pins.

3.3. Influence of roughness of pin surface to corona discharge

The particle deposition on the surface of discharge pins is likely to

change the discharge characteristics, thus makes exposed pins and pro-

tected pins different. In fact, corona discharge is a kind of partial dis-

charge under a non-uniform electric field, and is relatively stable [31].

The discharge characteristics are usually affected by the geometrical size

of the electrodes, the dielectric between the electrodes, the spacing of

discharge and the applied voltage [32,33]. Peek et al. have obtained

an empirical formula for discharge electrodes with different radius of

curvature through a large number of experiments [34]:

𝐸r,s = 𝐸0

⎛
⎜
⎜
⎜
⎝

1 + 𝐾

(
𝛿𝑟

2

)0.5

⎞
⎟
⎟
⎟
⎠

⋅ 𝛿 ⋅ 𝑚 (3)

𝛿 = 2.94 × 10−3𝑃∕(273 + t) (4)

where Er,s (kV/cm) is the field strength when the corona begins to ap-

pear on the surface of a corona pin; E0=31 kV/cm, is the standard onset
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Fig. 3. Microscopic observation of different discharge

modules. (A1) exposed pin before operation; (A2) exposed

pin after one-day operation; (B1) protected pin before op-

eration; (B1) protected pin after one-day operation. Experi-

mental conditions: Temperature: 16 ~ 25 °C; Air humidity:

18% ~ 35%; Number concentrations for particles with 0.3

~ 0.5 μm: 60,000 ~ 100,000 pcs/L.

Fig. 4. Microscopic morphology of exposed and protected discharge pins after a 3-week continuous discharge. The red line represents the outline of the pin. (A)

exposed pin (B) protected pin. Experimental conditions: Temperature: 12 ~ 27 °C; Air humidity: 13% ~ 68%; Number concentrations for particles with 0.3 ~ 0.5

μm: 12,000 ~ 260,000 pcs/L.

field intensity; m indicates the smoothness of the conductor surface; r

(cm) is the radius of curvature of a conductor; 𝛿 is the relative air den-

sity, which is a function of ambient air centigrade temperature, t (°C)

and atmosphere pressure P (Pa); K is a constant, equal to 0.308 cm
1/2

.

Therefore, the corona onset voltage between the discharge pin and

the grounded plate is as follows:

𝑉s =
𝑟

2
⋅ 𝐸r,s ⋅ ln

[
(𝑟 + 2𝑑)

𝑟

]
(5)

where d (cm) is the distance between the discharge pins and the

grounded plate; Vs is the corona onset voltage (kV) .

In the air, the discharge distance is about 4mm~16 mm with very

small tip radius, the empirical volt-ampere characteristics in the dis-

charge form pin-to-plate can be derived as follows:

𝐼 = 52
𝑑

𝑉

(
𝑉 − 𝑉s

)
(6)

where V is the applied voltage (kV); I is the current intensity (mA).

Substituting Eqs. (3),(4) and (5) into Eq. (6), we obtain the new equa-

tion of discharge current intensity as follows:

𝐼 = 𝐶1 − 𝐶2 ⋅ 𝑚 ⋅ 𝛿 − 𝐶3 ⋅ 𝑚 ⋅ 𝛿1∕2 (7)

𝐶1 =
52
𝑑

⋅ 𝑉 2 (8)

𝐶2 =
26𝑉 ⋅ 𝐸0 ⋅ 𝑟

𝑑

⋅ ln
[
(𝑟 + 2𝑑)

𝑟

]
(9)

𝐶3=
26
√
2𝑟 ⋅ 𝑉 ⋅ 𝐸0 ⋅𝐾

𝑑

⋅ ln
[
(𝑟 + 2𝑑)

𝑟

]
(10)

where C1, C2 and C3 are constants, which only depend on physical char-

acteristics of discharge module and the size of applied voltage V.

Eq. (7) shows that ambient temperature and smoothness of the dis-

charger surface would influence the discharge current intensity, which

agrees with the experimental results of the exposed pin as shown in

Fig. 7. We set the applied voltage of the exposed pin at a constant of
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Fig. 5. Relationship between the single-pass removal efficiency for particles

ranging from 0.3 to 0.5 μm and net ozone production of exposed and protected

pins with various applied voltages after 3-week operation at 1.0 m/s face air

velocity.

Fig. 6. Breakdown voltages of exposed and protected pins before and after op-

eration.

−11 kV in a 2-day operation. Fig. 7 shows that the voltage had little

change during the period, but the current fluctuated regularly with the

regular change of daily temperature. It’s worth noting that the lowest

value of the current in each day increased from 0.058 mA to 0.086 mA.

It is probably because particle accumulating on the pin would result in

a smaller value of m in Eq. (7) and therefore enhancing the discharging

ability.

As the surface of discharge pins getting rougher after being contam-

inated, the discharge will become stronger. But at the same time the

discharge will generate more ozone and raise the risk of discharge break-

down as shown in Fig. 5 and Fig. 6. If the pin is continuously contam-

inated, a complete insulating barrier on the pin will form. In that case,

the discharge will then become completely ineffective [24].

In summary, contamination of the charging electrode will lead to

the instability of discharge, increase net ozone production and risk of

Fig. 7. The changes of current, voltage and temperature when the applied volt-

age constantly set at −11 kV.

discharge breakdown. The particle-free air protection developed in this

study can partly avoid these disadvantages.

4. Conclusions

In this study, we developed a new pin-to-plate corona discharger

with particle-free external air protection to prevent particles contami-

nating the surface of discharge pins. After a 3-week operation, there was

a large number of particles accumulating on the surface of the exposed

(non-protected) pin, while only a small number of pollutants accumulat-

ing on the protected discharge pin. When comparing net ozone produc-

tion at the same single-pass removal efficiency level (for example, 70%),

exposed pins produced 80 ppb and protected pins produced 53 ppb. The

ozone growth rate of protected pins was also slower than that of exposed

pins as the applied voltage grew. Furthermore, the breakdown voltage

of the exposed pins decreased from −15.8 kV to −13.8 kV after a 3-

week operation, which meant that the exposed discharge module would

be easier to cause breakdown than the protected one. Meanwhile, we

evaluated the influencing factors including surface roughness and ambi-

ent temperature with equation of discharge current intensity. We found

that the high ambient temperature and the rough surface will enhance

the discharge intensity but generate more ozone and enhance the risk of

discharge breakdown. Optimized electrostatic particle purification tech-

nologies with their discharge module protected by particle-free air can

be developed in the future based on this study.
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The thermal failure of airborne avionics equipment is not optimistic. It is very necessary to establish relatively

accurate thermal models for predicting thermal response of avionics equipment under different flight conditions.

Traditional thermal modeling methods are often difficult to obtain accurate temperature response in complex

conditions. This has severely restricted the application of these models. However, the Stochastic Configuration

Network (SCN) model based on random algorithm can weaken the heat transfer mechanism and pay attention to

the mining of experimental data, so that a more accurate thermal relationship might be obtained. In this paper,

the SCN was used to analyze the experimental data of the avionics pod with a Ram Air Turbine (RAT) cooling

system. The thermal models based on the SCN were finally built for avionics pod. Compared with the commonly

used Random Vector Functional Link Network (RVFLN) thermal models, the SCN thermal models not only inherit

the advantages of simple network structure and low computational complexity, but also have some merits, such

as the better learning performance and the less human intervention. The presented SCN models provide a way

to predict the thermal response of avionics pod cabin under the full flight envelope for a fighter.

1. Introduction

Airborne avionics pod equipped with airborne equipment and

weapon is a streamlined nacelle hanging under fuselage or wing. It is

widely used in fighter because of its effective capability to extend new

function. However, serious thermal environment and compact pod lay-

out give a great challenge to the stability and reliability of electronic

equipment [1–3]. So it is important to establish a perfect thermal model,

which will provide a guide to the design of thermal management system

for the airborne avionics pod [4,5].

Nowadays, the methods of thermal modeling are mainly divided into

some traditional methods based on physical laws [6,7] and the neural

network method based on data [8–11]. For traditional approaches, the

distributed parameter method based on the temperature field [12,13] is

difficult to practically apply because of its complex heat transfer process.

The lumped parameter method has been widely applied in thermal mod-

eling for its simple principle and strong applicability [14–17]. However,

this modeling idea is difficult to accurately predict the nonlinear time-

varying heat transfer process and it is also difficult to obtain its model

parameters accurately. The popular neural network thermal modeling,

∗
Corresponding authors.

E-mail addresses: liumeng@buaa.edu.cn (M. Liu), qhqphd_ncut@163.com (H. Qu).

which has a strong ability for nonlinear fitting in complex conditions,

might make up for the shortcomings of traditional methods.

Adewole, Dhanuskodi, Kara, Tian and Korteby et al. predicted tem-

perature using an Artificial Neural Network (ANN) thermal model, re-

spectively [18–21]. Starkov and Wang respectively established thermal

models with the cellular neural networks [22] and the tree-structure

ensemble general regression neural networks [23]. For the neural net-

works mentioned above, although they have excellent nonlinear fitting

ability, the subconvergence and time-consuming limited the training of

big data set [24]. The randomized algorithm provided a good solution

to these problems [25–27]. Among them, the Random Vector Functional

Link Network (RVFLN) has the advantages of simple structure and low

computational complexity by randomly selecting the input weights and

biases in a given range and converting the network multiple iterative op-

timizations to a linear least-squares problem [28–30]. Igelnik and Pao

proved that the RVFLN can be an universal approximator [31]. Many

studies indicate that the RVFLN can approximate the objective function

when the number of hidden nodes and the scope of random parameters

are set properly [32,33]. However, these settings are difficult to be de-

termined [34]. In order to solve this problem, Wang and Li proposed

https://doi.org/10.1016/j.enbenv.2019.10.001
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Nomenclature

BL input biases

C regularization factor

𝑑𝑇
𝑛

𝑑1~𝑑𝑇
𝑛

𝑑5 temperature differences of Device 1 to Device 5,°C

eN residual error matrix, °C

fi filter coefficients

HN,L hidden layer matrix

𝐻
†
𝑁,𝐿

Moore-Penrose generalized inverse of HN,L

L number of hidden nodes

Lmax maximum number of hidden nodes

M filter order

�̇�
𝑎

air flow rate of the RAT, kg/h

N number of samples

Ni number of samples for Model i

r index related error reduction speed

sigw working status of device

Ta1~Ta5 air temperatures near Device 1~ Device 5, °C

Ta6 outlet air temperatures of Device 3, °C

Ta7 outlet air temperatures of Device 4, °C

Ta8 air temperature at the RAT inlet, °C

Ta9 air temperature at the RAT outlet, °C

Td1~Td5 surface temperatures of Device 1~ Device 5, °C

Tf temperature in the environment simulation chamber,

°C

Tmax pool size of candidate nodes

Tw1~Tw5 inner wall temperatures near Device 1~ Device 5, °C

Wd,L input weights

Xd,N input data matrix with d input variables and N sam-

ples, °C

[X𝑁𝑖

𝑑1 ] mod 𝑖
input variables for Model i, °C

yn filter output of nth
sample, °C

𝑦
0
𝑛

filter input of nth
sample, °C

𝑦
𝑝𝑟𝑒

𝑛
predicted results using SCN or RVFLN models, °C

YN output data vector with one output variable and N

samples, °C

Y𝑝𝑟𝑒

𝑁
model output, °C

[Y𝑁𝑖

𝑑1 ] mod 𝑖
output variables for Model i, °C

𝛽 l output weight of the lth hidden node

𝜀 predefined tolerance, °C

𝜉L index used to select candidate nodes in pool

𝜑l output vector of lth hidden node

Λ index used to assign the range of input weights and

biases

𝜇L nonnegative real number sequence

the important Stochastic Configuration Network (SCN). For their SCN,

the scope of random parameters can be automatically determined un-

der the supervision mechanism by data without manual intervention.

The number of hidden nodes will be added incrementally. Three ways,

the SC-Ⅰ [35], the SC-Ⅱ [35] and the SC-Ⅲ [35], are proposed to eval-

uate the output weights of the SCN. The difference among these three

methods is that when a new hidden node is added, the SC-Ⅰ calculates

the output weights only for the new hidden node and keeps the output

weights for previous hidden nodes unchanged, the SC-Ⅱ recalculates the

output weights for hidden nodes in the preset window, and the SC-Ⅲ

recalculates the output weights for all hidden nodes. The research re-

sults of Wang, Li and Cui indicate that compared with the SC-Ⅰand the

SC-Ⅱ, the SC-Ⅲ exhibits the best performance in terms of the conver-

gence rate [35–37]. Therefore, in this paper, the SC-Ⅲ will be used to

establish thermal models.

2. Experiment of avionics pod in simulation environment

2.1. Avionics pod layout

The airborne avionics pod studied in this paper will be mounted be-

low a wing of a fighter. It is an approximate rectangular shape structure

composed of skins and reinforced frames, as shown in Fig. 1. The air-

borne avionics pod is divided into relatively separate five bays, in which

five main avionics devices, Device1 to Device5, are installed, respec-

tively. The Ram Air Turbine (RAT) cooling system is used to control the

temperature of pod. Among the five devices, Device 3 and Device 4 in

Bay 3 and Bay 4 are considered as the primary high power equipment.

Therefore, the cooling air produced by the RAT firstly enters into the

shells of Device 3 and Device 4, respectively, and then enters the other

cabin space. After cooling the equipment in Bay 1, Bay 2 and Bay 5, it

is finally exhausted by the fan driven coaxially by the RAT. In order to

verify the temperature control performance of the RAT cooling system,

the experimentations were carried out in an environment simulation

chamber.

2.2. Equipment facility layout

Experimental facility was mainly composed of three parts: a large en-

vironment simulation chamber, the avionics pod and a temperature data

collection system. Overall layout of the experimental facility is shown in

Fig. 2, in which Label 1 to Label 6 are the parts of experimental facility,

Label 7 is the avionics pod, Label 8 is the experimental external space,

and Label 9 to Label 15 are temperature sensors.

The environment simulation chamber (2) controlled by the temper-

ature control unit (6) can simulate different outside flight environment

for the avionics pod (7). The gas source (3) supplies the simulated ram

air for the RAT, and it is placed outside of the environment simulation

chamber. The simulated ram air with certain pressure will expand and

decrease its temperature through the RAT. The low temperature air is

used to cool the avionics devices in the pod.

2.3. Temperature measurement points

KAM-500 airborne data acquisition system from ACRA and T-shaped

thermocouple temperature sensor from OMEGA are used in this exper-

iment. The temperature measurement range is −200 °C–400 °C, and the

temperature measurement error is ±0.5 °C. The sampling rate of tem-

perature sensor is 1 Hz. Twenty temperature measurement points were

arranged in the experiments, as shown in Table 1.

Among the twenty temperature measurement points, five measured

points marked as squares, Td1~Td5, obtained the temperatures of De-

vice 1~ Device 5. Five measure points labeled as triangles, Tw1~Tw5,

recorded the temperatures of inner wall near every devices. Five mea-

sured points marked as circles, Ta1~Ta5, obtained the temperatures of

air near devices. Ta6 and Ta7 labeled as stars measured the outlet air tem-

peratures of Device 3 and Device 4, respectively. Ta8 and Ta9 marked as

Label 14 and Label 13 obtained the inlet and outlet air temperatures. Tf

marked as a black triangle obtained the temperature of the environment

simulation chamber.

2.4. Experimental condition and data

2.4.1. Experimental condition

Some prior data, such as the air velocity in the pod and the mass rate

of simulated ram air were firstly obtained before the experiments.

Five different working conditions, Condition 1– Condition 5, were

selected based on the typical states of real flight and were carried out

continuously in the environment simulation chamber with the avionics

pod. These conditions were the high temperature storage condition, the

high temperature working condition with RAT on, the low temperature

storage condition, the low temperature working condition with RAT off,
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Fig. 1. Avionics pod with five bays.
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Fig. 2. Ground experiment system diagram.

and the low temperature working condition with RAT on, respectively.

The whole experiments are listed in Table 2.

2.4.2. Experimental data

2.4.2.1. Data preprocess. The measured temperature data may fluctuate

due to their measurement noises and other random factors. Therefore,

it is necessary to perform a data preprocess before model identification.

In this paper, the Finite Impulse Response (FIR) filter in Eq. (1) will be

used to process raw data [38].

𝑦
𝑛
=

𝑀∑

𝑖=0
𝑓
𝑖
𝑦
0
𝑛−𝑖 (1)

where yn is the output sequence; 𝑦
0
𝑛

is the input sequence; n denotes the

nth
sample; fi are the filter coefficients; M is the filter order.

2.4.2.2. Processed experimental data. Fig. 3 shows the processed tem-

perature curves of five devices in Condition 1 to Condition 5.

Some conclusions can be obtained from Fig. 3:

(1) In the high and low temperature storage experiments, Condition

1 and Condition 3, the device temperatures are changed by the

temperature of environment simulation chamber, Tf, and finally

stabilize at about 70 °C and −55 °C, respectively. Tf has a very

important influence on the temperature responses of devices in

the storage experiments.

(2) In the high and low temperature working experiments with RAT

on, Condition 2 and Condition 5, the temperature responses of

devices are influenced by the value of Tf, the cooling capacity

of RAT and the heat powers of devices together. In Condition 2,

Td4≈Td3 and Td3<Td2<Td5<Td1. This is because the cool air pro-

duced by the RAT firstly entered in Device 4 and Device 3, respec-
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Fig. 3. Temperature curves of avionics devices in the whole experiments.

Table 1

Temperature sensors.

No. Sensor Measured position Measured object

1 Tw 1 Device 1 in Bay 1 Inner wall temperature

2 Ta 1 Air temperature

3 Td 1 Surface temperature of device

4 Tw 2 Device 2 in Bay 2 Inner wall temperature

5 Ta 2 Air temperature

6 Td 2 Surface temperature of device

7 Tw 3 Device 3 in Bay 3 Inner wall temperature

8 Ta 3 Air temperature

9 Td 3 Surface temperature of device

10 Ta 6 Outlet air temperature of

device

11 Tw 4 Device 4 in Bay 4 Inner wall temperature

12 Ta 4 Air temperature

13 Td 4 Surface temperature of device

14 Ta 7 Outlet air temperature of

device

15 Tw 5 Device 5 in Bay 5 Inner wall temperature

16 Ta 5 Air temperature

17 Td 5 Surface temperature of device

18 Ta 8 RAT Air temperature at the RAT

inlet

19 Ta 9 Air temperature at the RAT

outlet

20 Tf Environment Temperature in the

environment simulation

chamber

tively. The cooling capacity is nearly enough to control the tem-

peratures of devices lower than 55 °C. In Condition 5, Td4≈Td3,

Td1≈Td5≈Td2 and Td4>Td1 because of the same reason. The heat-

ing capacity is nearly enough to control the temperatures of de-

vices higher than −30 °C. Hence, the temperatures of devices can

be controlled within −30 °C–55 °C in Condition 2 and Condition

5.

(3) In Condition 4, Td4≈Td3, Td1≈Td5 and Td4>Td1>Td2. The tem-

perature responses can reveal the relative amount of heat powers

because the RAT doesn’t work.

(4) The temperatures of devices were maintained at different levels

in different experimental conditions. The thermal models might

Table 2

Experimental parameters in different conditions.

Experimental

condition

Experimental title Description

Condition 1 High temperature storage

experiment

⬧ Tf =70 °C;

⬧ Duration: 449 min;

⬧ State of pod power: Off;

⬧ State of RAT: Off.

Condition 2 High temperature working

experiment with RAT on

⬧ Tf =70 °C;

⬧ Duration: 116 min;

⬧ State of pod power: On;

⬧ State of RAT: On;

⬧ �̇�
𝑎
= 200 kg/h;

⬧ Ta 8 = 20 °C.

Condition 3 Low temperature storage

experiment

⬧ Tf =−55 °C;

⬧ Duration: 566 min;

⬧ State of pod power: Off;

⬧ State of RAT: Off.

Condition 4 Low temperature work

experiment with RAT off

⬧ Tf =−55 °C;

⬧ Duration: 56 min;

⬧ State of pod power: On;

⬧ State of RAT: Off.

Condition 5 low temperature working

experiment with RAT on

⬧ Tf =−55 °C;

⬧ Duration: 30 min;

⬧ State of pod power: On;

⬧ State of RAT: On;

⬧ �̇�
𝑎
= 100 kg/h;

⬧ Ta 8 = 20 °C.

be similar for Condition 1 and Condition 3, but the thermal mod-

els are obviously different for the other conditions.

3. Thermal modeling methods based on the SCN and the RVFLN

3.1. Training principle of the SCN

The SCN has a three-layer structure, as shown in Fig. 4. It can give a

solution to set the network size with less human intervention by gener-

ating the hidden nodes incrementally. Further, it can select the preferred

input weights and biases of the hidden nodes using a supervisory mech-

anism. Its universal approximation property has been mathematically

proved [35].

The basic principle of the SCN is as follows [35–37]:
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Fig. 4. Basic structure of the SCN.

Step 1 The sample process

{Xd,N, YN} is a given training set with N samples, where Xd,N∈ℝd×N

and YN∈ℝN×1
represent the input data matrix with d input variables and

the output data vector with one output variable, respectively. Denote the

model output as Y𝑝𝑟𝑒

𝑁
and the residual error matrix is eN∈ℝN×1

, where

𝑒
𝑁
= Y

𝑁
− Y𝑝𝑟𝑒

𝑁
.

Step 2 The SCN model with l-1 hidden nodes

Suppose that a SCN model with L-1 hidden nodes has been built

and the corresponding input weights, Wd,L-1∈ℝd×L-1
, and input biases,

BL-1∈ℝL-1
, have been obtained, the model output can be described as

Y𝑝𝑟𝑒

𝑁
=
∑

𝐿−1
𝑙=1 𝛽

𝑙
𝜑
𝑙
, where 𝛽 l is the output weight of the lth hidden node

and 𝜑l calculated with Eq. (2) is the output vector of the lth hidden

node.

𝜑
𝑙
= 1
1 + exp

{
−𝑤

𝑑,𝑙

𝑇
𝑥
𝑑,𝑛
+ 𝑏

𝑙

} (2)

Now, the residual error matrix is marked as 𝑒
𝐿−1
𝑁

. If 𝑒
𝐿−1
𝑁

falls into an

expected tolerance, 𝜀, the model is built successfully, otherwise a hidden

node needs to be added in Step 3 .

Step 3 The addition process of a hidden node

Lmax is defined to describe the maximum number of hidden nodes

.Tmax is defined to describe the pool size of candidate nodes. 𝜉L is defined

to select the candidate nodes in the pool and it should satisfy inequality

constraint as shown in Eq. (3).

𝜉
𝐿
=

((
𝑒
𝐿−1
𝑁

)
𝑇 ∗ ℎ

𝐿

𝑁

)2

(
ℎ
𝐿

𝑁

)
𝑇 ∗ ℎ

𝐿

𝑁

−
(
1 − 𝑟 − 𝜇

𝐿

)(
𝑒
𝐿−1
𝑁

)𝑇
𝑒
𝐿−1
𝑁

> 0 (3)

where r is an index, 0 < r < 1, and will be used to directly relate the

error reduction speed; {𝜇L} is a nonnegative real number sequence with

lim
𝐿→+∞ 𝜇

𝐿
= 0 and 𝜇

𝐿
≤ (1 − 𝑟).

First, the random parameters of the Lth
hidden node, {(𝑤(𝑖)

𝑑,𝐿
, 𝑏
(𝑖)
𝐿
), 𝑖 =

1, 2,… , 𝑇max}, will be assigned randomly from a interval [-𝜆, 𝜆], and

𝜆 is automatically selected from a given set in order. Next the output

vector of the Lth
hidden node can be calculated with Eq. (2), namely

{𝜑(𝑖)
𝐿
, 𝑖 = 1, 2,… , 𝑇max}. Let ℎ

𝐿

𝑁
= [𝜑

𝐿

]T, then {𝜉(𝑖)
𝐿
, 𝑖 = 1, 2,… , 𝑇max} will

be calculated with Eq. (3).

The candidate nodes with positive 𝜉
𝐿

will be picked up. If there is

no candidate node that meets the constraint in Eq. (3), then the value

of r will be increased and the candidate node pool will be also re-

generated correspondingly. Otherwise, it needs to find the candidate

node with the maximum value of 𝜉
𝐿

as the Lth
hidden node. The SCN

model is accordingly updated. At this time, Wd,L∈ℝd×L, BL∈ℝL and the

hidden layer matrix, 𝐻
𝑁,𝐿

= [ℎ1
𝑁
, ..., ℎ

𝑙

𝑁
, ..., ℎ

𝐿

𝑁
], are obtained. Last, the

SC-Ⅲ algorithm will be used to obtain the output weights of the SCN

model, 𝛽
𝐿
= [𝛽1, ..., 𝛽𝑙, ..., 𝛽𝐿]𝑇 . It can be formulated by the standard least

squared method, as shown in Eq. (4).

𝛽
𝐿
=argmin

𝛽

‖‖𝐻𝑁,𝐿
𝛽
𝐿
− 𝑌

𝑁

‖‖
2
𝐹
=𝐻†

𝑁,𝐿
𝑌
𝑁

(4)

where 𝐻
†
𝑁,𝐿

is the Moore–Penrose generalized inverse of HN,L.

Now, the Lth
hidden node has been added. The model output is up-

dated to Y𝑝𝑟𝑒

𝑁
=
∑

𝐿

𝑙=1 𝛽𝑙𝜑𝑙
, and the residual error is updated to 𝑒

𝐿

𝑁
.

Step 4 Termination criteria

The Step 3 process will be repeated until the residual error satisfies

the predefined tolerance, 𝜀, or the hidden nodes increase to the maxi-

mum value, Lmax.

3.2. Training principle of RVFLN

In order to compare the SCN and the RVFLN, the training principle

of RVFLN will be described. The network structure of the RVFLN is the

same as that of the one of the SCN, as shown in Fig. 4. The difference

between two methods is that the SCN adaptively adjusts the range of

random parameters and hidden nodes according to data, but the RVFLN

fixes these parameters and only optimizes the output weights by the

least-squares method. The description of RVFLN differs from the SCN as

follows [28–31]:

First, the random parameters from input layer to hidden layer, wd,L

and bL, are both fixed random vectors originating from a given inter-

val, [-𝜆, 𝜆]. Second, the number of hidden nodes, L, is given before the

network training and it does not change during the network training.

Third, the output weights, 𝛽, are calculated with Eq. (5).

𝛽
𝐿
= argmin

𝛽

{ 1
2
‖‖𝐻𝑁,𝐿

𝛽
𝐿
− 𝑌

𝑁

‖‖
2
2 +

𝐶

2
‖‖𝛽𝐿‖‖

2
2

}

=
(
𝐻

𝑇

𝑁,𝐿
𝐻

𝑁,𝐿
+ 𝐶𝐼

)−1
𝐻

𝑇

𝑁,𝐿
𝑌
𝑁

(5)

where C is a regularization factor.

It has been proved that if the number of hidden nodes is large

enough, then the RVFLN can approximate any continuous functions

[31]. But if the number of hidden nodes is too large, then the overfitting

of network may occur. Therefore, it is extremely important to obtain a

proper L through a large amount of debugging.

3.3. Analysis of input and output variables

The neural network models always seek some mathematical ways

to infinitely approximate the actual process using multi-level series in-

stead of setting up their physical mechanism models. However, the heat

transfer mechanism based on the thermal network theory will be still

adopted in order to reveal the relationship between the input and out-

put variables obviously [39]. As shown in Fig. 5, 20 temperature nodes

are used to build the thermal network relationship according to Table 1.

In our study, the radiation heat transfer is ignored.

Let.𝑑𝑇
𝑛

𝑑
= 𝑇

𝑛+1
𝑑

− 𝑇
𝑛

𝑑
, then the thermal relationships for the devices

can be unified as follows:

𝑑𝑇
𝑛

𝑑1 = 𝐹

(
𝑇
𝑛

𝑑1, 𝑇
𝑛

𝑎1, 𝑇
𝑛

𝑤1, 𝑇
𝑛

𝑎2, �̇�𝑎
, 𝑠𝑖𝑔

𝑤

)

𝑑𝑇
𝑛

𝑑2 = 𝐹

(
𝑇
𝑛

𝑑2, 𝑇
𝑛

𝑎2, 𝑇
𝑛

𝑤2, 𝑇
𝑛

𝑎6, �̇�𝑎
, 𝑠𝑖𝑔

𝑤

)

𝑑𝑇
𝑛

𝑑3 = 𝐹

(
𝑇
𝑛

𝑑3, 𝑇
𝑛

𝑎3, 𝑇
𝑛

𝑤3, 𝑇
𝑛

𝑎8, 𝑇
𝑛

𝑎6, �̇�𝑎
, 𝑠𝑖𝑔

𝑤

)

𝑑𝑇
𝑛

𝑑4 = 𝐹

(
𝑇
𝑛

𝑑4, 𝑇
𝑛

𝑎4, 𝑇
𝑛

𝑤4, 𝑇
𝑛

𝑎8, 𝑇
𝑛

𝑎7, �̇�𝑎
, 𝑠𝑖𝑔

𝑤

)

𝑑𝑇
𝑛

𝑑5 = 𝐹

(
𝑇
𝑛

𝑑5, 𝑇
𝑛

𝑎5, 𝑇
𝑛

𝑤5, 𝑇
𝑛

𝑎7, �̇�𝑎
, 𝑠𝑖𝑔

𝑤

)
(6)

where n represents the nth
sample; 𝑑𝑇

𝑛

𝑑1 to,𝑑𝑇
𝑛

𝑑5 represent the temper-

ature differences of Device 1 to Device 5; �̇�
𝑎

is the air flow rate of the

RAT; sigw represents the working status of the device, and sigw= 0 or 1.

According to different values of �̇�
𝑎

and sigw, Condition 1–Condition

5 are divided into three types of models.
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Fig. 5. Thermal network diagram.

(1) Model 1 called the storage model is trained using the data from

Condition 1 and Condition 3. �̇�
𝑎
=0 and sigw= 0, hence they are

not considered as one-dimensional input variable.

(2) Model 2 called the equipment working model is trained using the

data from Condition 4. �̇�
𝑎
=0 and sigw= 1.

(3) Model 3 called the integrated model is trained using the data from

Condition 2 and Condition 5. The equipment and the RAT both

work. �̇�
𝑎

is considered as one-dimensional input variable.

Then the input and output variables for Model 1 ~ Model 3 can be

determined with Eq. (6). Taken Device 1 for example, {Xd,N, YN} for

Model 1–Model 3 are unified as {[X𝑁𝑖

𝑑1 ] mod 𝑖
, [Y𝑁𝑖

𝑑1 ] mod 𝑖
}, i=1, 2, 3.

[
X𝑁1

𝑑1
]
mod 1 =

⎡
⎢
⎢
⎢
⎢
⎣

𝑇
1
𝑑1 ... 𝑇

𝑁1
𝑑1

𝑇
1
𝑎1 ... 𝑇

𝑁1
𝑎1

𝑇
1
𝑤1 ... 𝑇

𝑁1
𝑤1

𝑇
1
𝑎2 ... 𝑇

𝑁1
𝑎2

⎤
⎥
⎥
⎥
⎥
⎦

,

[
Y𝑁1

𝑑1
]
mod 1 =

(
𝑑𝑇

1
𝑑1, ..., 𝑑𝑇

𝑁1
𝑑1

)𝑇
(7a)

[
X𝑁2

𝑑1
]
mod 2 =

⎡
⎢
⎢
⎢
⎢
⎣

𝑇
1
𝑑1 ... 𝑇

𝑁2
𝑑1

𝑇
1
𝑎1 ... 𝑇

𝑁2
𝑎1

𝑇
1
𝑤1 ... 𝑇

𝑁2
𝑤1

𝑇
1
𝑎2 ... 𝑇

𝑁2
𝑎2

⎤
⎥
⎥
⎥
⎥
⎦

,

[
Y𝑁2

𝑑1
]
mod 2 =

(
𝑑𝑇

1
𝑑1, ..., 𝑑𝑇

𝑁2
𝑑1

)𝑇
(7b)

[
X𝑁3

𝑑1
]
mod 3 =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

𝑇
1
𝑑1 ... 𝑇

𝑁3
𝑑1

𝑇
1
𝑎1 ... 𝑇

𝑁3
𝑎1

𝑇
1
𝑤1 ... 𝑇

𝑁3
𝑤1

𝑇
1
𝑎2 ... 𝑇

𝑁3
𝑎2

�̇�
𝑎

... �̇�
𝑎

⎤
⎥
⎥
⎥
⎥
⎥
⎦

,

[
Y𝑁3

𝑑1
]
mod 3 =

(
𝑑𝑇

1
𝑑1, ..., 𝑑𝑇

𝑁3
𝑑1

)𝑇
(7c)

where [X𝑁𝑖

𝑑1 ] mod 𝑖
and [Y𝑁𝑖

𝑑1 ] mod 𝑖
, i=1, 2, 3, are input variables and out-

put variables for Model 1–Model 3, respectively; Ni is the number of

samples for Model 1–Model 3, respectively, and i=1, 2, 3.

3.4. Precision evaluation algorithms

Two precision evaluation algorithms, the Root Mean Squares Error

(RMSE) and the Maximum Prediction Error (MPE), are adopted in this

study to evaluate the performance of network structure [30],[35–37]

and to describe the performance of models [30]. Here define RMSE=
10

−4
as a permissible accuracy criterion, then the accuracy of the model

is acceptable when RMSE <RMSEo. It is worth to note that the models

with smaller RMSE have better performance.

The RMSE and MPE can be calculated with Eqs. (8) and (9), sepa-

rately.

𝑅𝑀𝑆𝐸 =

(
1
𝑁

𝑁∑

𝑛=1

(
𝑦
𝑝𝑟𝑒

𝑛
− 𝑦

𝑛

)2
) 1

2

(8)

Table 3

The number of samples.

Model Training set Verification set Test set

Model 1 36,547 12,182 12,182

Model 2 2015 672 672

Model 3 5260 1754 1754

𝑀𝑃𝐸 = max(abs(𝑦
𝑛
− 𝑦

𝑝𝑟𝑒

𝑛
)) (9)

where yn is the experimental data; 𝑦
𝑝𝑟𝑒

𝑛
is the predicted results using the

SCN or RVFLN models; N is the number of samples.

3.5. Modeling process

Before modeling, the filtered sample data for each model are ran-

domly divided into the training set, the validation set and the test set in

a ratio of 6:2:2. The training set is used for learning, the validation set

is used to tune the parameters of the model, and the test set is used only

to assess the performance of a fully specified model [41]. The number

of samples for each model is shown in Table 3.

Models used to predict the temperature difference per second are

constructed according to the flow chart as shown in Fig. 6.

4. Results and analyses

4.1. Model structure parameters of the SCN

According to Fig. 4, a set of proper hyper-parameters, especially the

number of maximum hidden nodes, Lmax, is a key factor for the SCN.

If Lmax is too small, a poor-fitting will occur; if it is too large, an over-

fitting will occur. Hence, it is necessary to discuss the dependence of the

SCN prediction performance on L in order to determine a proper Lmax.

In order to find a suitable Lmax for the SCN, other hyper-parameters are

firstly fixed to their appropriate values. The pool size of candidate nodes,

Tmax, is set as 200. The training tolerance, 𝜀, is set as 10
−3

. The index, r,

is not fixed and it will incrementally increase from 0.9 to 1. The range

of weights and biases is automatically selected from a given set, {0.5, 1,

2, 5, 10, 50, 100, 150, 200}.

In this paper, the values of Lmax for Model 1–Model 3 are separately

set to 30, 15 and 20 in advance. The RMSE of the training set and the

verification set calculated with Eq. (8) is used as an indicator to evaluate

the network structure. Fig. 7 shows the training-validation error lines of

three models for Device 1.

From Fig. 7, we can observe that:
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Fig. 6. Modeling flow chart based on the SCN.

Fig. 7. Training-validation error lines for estimating the hidden nodes.

(1) The convergence of the relationship of L and RMSE is obvious for

Model 2 and Model 3. For the two models, the errors of training

set and verification set first decrease and then tend to be sta-

ble quickly with the increase of L. When L increases to a criti-

cal value, the increase of L does not contribute to the model ac-

curacy. Instead, the increase of L results in high computational

cost.

(2) For Model 1, the convergence is not good as Model 2 and Model

3. Its RMSE first decrease, but it tends to be stable lowly with the

increase of L. It seems that its Lmax can be from 10 to 30. Hence, it

needs to determine this value carefully by a good trade-off among

the generalization, the precision and the efficiency.

(3) After the comprehensive analysis of training-validation error

lines for five devices and the balance between computation cost

and model accuracy, the values of Lmax for Model 1 ~ Model 3

are determined as 15, 6, and 10, respectively.

The key parameters for Model 1 to Model 3 are listed in Table 4.

4.2. Prediction performance comparison

The prediction accuracy of the proposed SCN thermal model will

be compared with the one of the RVFLN thermal model. So the num-

ber of hidden nodes for the RVFLN is set to as same as the one of the

SCN. Further the same data are used for the two networks. Condition

1, Condition 4 and Condition 2 are taken as examples to respectively

illustrate the prediction performance of Model 1~ Model 3, as shown in

Figs. 8–10. RMSE of Model 1~ Model 3 for Device 1~ Device 5 are listed

in Tables 5–7, respectively.

Some conclusions can be drawn from Figs. 8–10.
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Fig. 8. Prediction performance comparisons of Model 1 for Condition 1.
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Table 4

Key parameters for Model 1 to Model 3.

Model Conditions L
max

T
max

𝜀 r 𝜆

Model 1 Condition 1 and Condition 3 15 200 10−3 0.9~1 {0.5, 1, 2, 5, 10,

50, 100, 150, 200}

Model 2 Condition 4 6

Model 3 Condition 2 and Condition 5 10

Fig. 9. Prediction performance comparisons of Model 2 for Condition 4.
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Fig. 10. Prediction performance comparisons of Model 3 for Condition 2.
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Table 5

Model errors of Condition 1.

No. RMSE/10
−6

MPE/10
−6

°
C

RVFLN SCN RVFLN SCN

Device 1 7.6237 3.4967 48.6610 9.4831

Device 2 7.9853 3.9638 19.6270 7.8224

Device 3 4.9378 3.2227 17.2220 7.2413

Device 4 5.8049 3.1464 23.9690 7.8102

Device 5 8.2192 3.9022 22.3790 10.0050

Table 6

Model errors of Condition 4.

No. RMSE/10
−6

MPE/10
−6

°C

RVFLN SCN RVFLN SCN

Device 1 4.2795 1.8712 10.9880 5.3451

Device 2 10.4570 3.8955 20.3210 10.3524

Device 3 3.1851 1.5850 10.4870 4.6514

Device 4 5.4769 1.6133 17.0830 5.5414

Device 5 3.9683 3.0835 10.3230 9.3347

Table 7

Model errors of Condition 2.

No. RMSE/10
−6

MPE/10
−6

°
C

RVFLN SCN RVFLN SCN

Device 1 2.6814 0.0850 4.8545 1.6997

Device 2 5.1130 2.5722 17.2620 9.2603

Device 3 5.2863 2.1127 22.0290 6.7894

Device 4 10.2330 4.2684 35.8610 15.9430

Device 5 3.6264 1.8149 12.4670 6.7525

(1) For Model 1, although the unsmooth data distribution, the simple

physical process and the large sample size contribute to a better

prediction performance of the SCN than the RVFLN models.

(2) For Model 2, the prediction performance of the SCN model is

almost consistent with the RVFLN model. The reason may be the

simple physical process and the smooth data.

(3) For Model 3, the prediction performance of the SCN model is

better than the one of the RVFLN model. This may be due to the

complex physical process corresponding to Model 3 and the SCN

model is more prominent for the complex modeling.

As can be seen from Tables 5–7, the SCN thermal models have a bet-

ter performance than the RVFL thermal models, which can be reflected

in two aspects. On the one hand, the RMSE of the SCN thermal models

for Device 1–Device 5 is within (0.0850–4.2684)
∗
10

−6
. Comparatively,

the fitting precision of RVFLN thermal models is slightly worse and its

RMSE is within (2.6814–10.4570)
∗
10

−6
. On the other hand, compared

with the fact that the MPE of the RVFLN thermal models for Device 1–

Device 5 is within (4.8545–48.6610)
∗
10

−6
°C, the MPE of the SCN ther-

mal models for Device 1–Device 5 is within (1.6997–15.9430)
∗
10

−6
°C.

In conclusion, the prediction accuracy of the SCN thermal model is

better than the RVFLN thermal model especially for complex physical

process, large sample size and complicated data distribution.

4.3. Prediction results of the SCN model for multiple working conditions

In this section, the SCN thermal models built in Section 4.2 will be

used to predict the temperature changes of five devices for the whole

continuous five working conditions when only the boundary conditions

and initial temperatures are given. The pseudo code of this algorithm is

given in Algorithm I.

The boundary conditions are composed of inner air temperature

and outside wall temperatures of pod. The temperatures of devices are

predicted automatically and continuously in the order of Condition 1–

Table 8

Model errors of the whole conditions.

SCN Device 1 Device 2 Device 3 Device 4 Device 5

RMSE 0.6075 0.3349 0.3798 0.4759 0.6308

MPE/°C 9.1116 1.1947 1.0005 5.3475 1.9350

Algorithm Ⅰ

Given the boundary conditions marked as B, the initial temperature of five de-

vices marked as 𝑇
1
𝑑1 ~ 𝑇

1
𝑑5 and Model 1~Model 3; 𝜏

1
~𝜏

5
refer to the execution

time of Condition 1~ Condition 5, respectively; Initial time is 𝜏
0
=0.

1. Normalize B and 𝑇
1
𝑑1 ~ 𝑇

1
𝑑5;

2. For k=1,2,…,5, Do

3. Load the model corresponding to Condition k

4. For i=1,2,…, 𝜏k , Do

5. n= 𝜏k -1 + i

6. Calculate 𝜑 with Eq. (2)

7. Calculate 𝑑𝑇
𝑛

𝑑1 ~ 𝑑𝑇
𝑛

𝑑5 with Y𝑝𝑟𝑒

𝑁
=𝛽𝜑

8. Anti-normalize 𝑑𝑇
𝑛

𝑑1 ~ 𝑑𝑇
𝑛

𝑑5 , and 𝑇
𝑛+1
𝑑𝑗

= 𝑇
𝑛

𝑑𝑗
+ 𝑑𝑇

𝑛

𝑑𝑗
, 𝑗 = 1, 2,… , 5

9. End for

10. Assign the last predicted value of Td 1 ~ Td 5 to the initial value of

Condition k+1

11. End for

12. Anti-normalize Td 1 ~ Td 5 to get the actual predicted temperature

Condition 5, as shown in Fig. 11. The RMSE of multiple models for De-

vice 1–Device 5 are listed in Table 8.

From Fig. 11 and Table 8, the predicted data are close to the experi-

mental data. The MPE of Device 2, Device 3 and Device 5 are optimistic

and less than 2 °C. The MPE of Device 4 are acceptable and less than

6 °C. The MPE of Device 1 is slightly over 9 °C and it appears in the

last condition. This might be probably caused by the cumulative errors

of the network. RMSE for Device 1–Device 5 is within 0.3349–0.6308.

Therefore, under the premise of suitable network, it is possible to auto-

matically and accurately predict the target temperature under multiple

conditions using different SCN models.

5. Conclusion

A thermal modeling method for avionics pod cabin is proposed based

on the SCN, and thermal experiments about an avionics pod cabin are

used to illustrate the presented modeling method. Some results can be

obtained from our study:

(1) Based on different physical mechanisms, three SCN thermal mod-

els, Model 1, Model 2 and Model 3, were established respectively.

Using the RMSE as the evaluation index, their optimal model

parameters were determined through a large number of trials.

Among these hyper-parameters, the key parameter, Lmax, was set

to 15, 6 and 10, respectively.

(2) Compared with the classical RVFLN model, the SCN model has

less human intervention and better adaptability in parameters

settings. It can not only accurately learn the relationship between

the input and output variables, but also effectively avoid overfit-

ting. For Model 1–Model 3, the RMSE of SCN thermal models is

within (0.0850–4.2684)
∗
10

−6
, and the MPE of SCN thermal mod-

els is within (1.6997–15.9430)
∗
10

−6
°C.

(3) The SCN thermal model can ensure a high accuracy when it is

applied to multi-condition temperature prediction. The MPE for

the whole experimental conditions are within 1–10 °C and the

RMSE is within 0.3349–0.6308. It is possible to predict the tar-

get temperature automatically and continuously by the SCN ther-

mal models only under the given boundary and initial conditions.

If the thermal data of various experimental conditions are suffi-

cient, the thermal models of different applicable range can be

extended established. These models for multiple conditions can
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Fig. 11. Prediction results of the whole conditions using the SCN models.
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be used to predict the thermal response under the full flight en-

velope.

The above results show that the rapid thermal modeling method

based on the SCN can provide a way to describe the thermal response

of avionics pod cabin very well. It not only inherits the advantages of

simple random network structure, such as the excellent nonlinear fitting

ability, the low computational complexity and the avoidance of falling

into the local minimum, but also overcomes the problem of random

network hyper-parameter settings. The presented SCN thermal model-

ing method can be used to predict the thermal response under the full

flight envelope for a fighter on the premise of sufficient and effective

learning.
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This paper presents a literature review on the recent research progress in liquid desiccant dehumidification and

air conditioning systems. The physical features of various liquid desiccant materials and their dehumidification

performances have been summarized. With the aim to improve the dehumidification characteristics, mixed sol-

vents desiccants have become research hot topics recently. Various types of dehumidifiers and their integration

with liquid desiccant dehumidification system have been reviewed. The combination of liquid desiccant dehumid-

ification system with solar collector, vapour compression system, heat pump system, CHP system, etc. have been

grouped and compared. It is shown that the majority of the recent research work for liquid desiccant dehumid-

ification systems has concentrated on numerical simulations, a considerable amount of works are still required

for the practical investigations of innovative material (mixed solvents) and hybrid systems.

1. Introduction

Air conditioning system has been recognized as an indispensable

method of improving human beings’ thermal comfort and living con-

ditions since the early twentieth century. With the growing concerns

about the greenhouse gas emissions, the aggravating primary energy

shortage and increasing energy demand, the energy consumption of

buildings is at a critical stage, accounting for 40% of energy demand in

Europe [1]. In Europe, around 26% of office, commercial and industry

buildings are air-conditioned, with a total volume of about 20 million

cubic meters [2]. Recent decades have seen a dramatic increase of

cooling demand because of the global warming effect. By 2100, the

energy demand for air conditioning system is forecasted to be 40 times

higher than that in 2000 [3]. By 2025, the installed cooling capacity

in European market is going to increase by 50–60% compared with the

value in 2010 [4]. Instead of developing more air conditioning systems

to meet such a big cooling demand, it would be crucial to promote

energy efficient and environmental benign cooling systems, which lead

to less carbon emission and reduced energy consumption.

Desiccant dehumidification process utilizes the desiccant material to

absorb moisture or water vapour from air, thereby keeping the humidity

level in the air to the desired value. Since firstly developed by Lof [5] in

∗
Corresponding author at: Centre for Renewable Energy Systems Technologies (CREST), Wolfson School of Mechanical, Electrical and Manufacturing Engineering,

Loughborough University, Leicestershire LE11 3TU, United Kingdom.

E-mail addresses: x.j.chen@lboro.ac.uk (X. Chen), saffa.riffat@nottingham.ac.uk (S. Riffat).

1955, desiccant dehumidification system has been widely applied in

industrial and agricultural sectors. Humidity control is recognized as a

crucial issue for textile, food, wood processing, printing industry and

post-harvest crop drying process. In the recent few decades, researchers

have intensively studied desiccant dehumidification incorporated

with air conditioning system, with detailed schematic diagram shown

in Fig. 1. The desiccant dehumidification system works under the

following principle: hot and humid air from ambient condition will be

dehumidified in the liquid dehumidifier, then further cooled by the air

conditioning system (cooling water, evaporative cooling system, vapour

compression system, etc.). In the dehumidifier, the strong solution of

liquid desiccant absorbs moisture from the ambient air and thereby

becomes diluted weak solution. The weak solution will then be passed

through the regenerator in order to be re-concentrated. Desiccant

dehumidification and cooling system has the following advantages:

(1) Technology and economy: Conventional vapour compression air

conditioning systems perform by cooling the processed air below its

dew point such that water vapour condenses on a cooling coil, thus

removing moisture from the air. The dehumidified air then has to

be reheated to the desired temperature. This process of deep cooling

to dew point and reheating consequently leads to higher energy
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Fig. 1. Schematic diagram of a typical liquid desiccant integrated cooling system [19].

wastage. Desiccant, as an alternative, could dehumidify the air with

the help of its hygroscopic properties. Therefore, the energy required

for a desiccant dehumidification process is about 30% less compared

with conventional vapour compression system. Desiccant materials

used can be either solid (e.g., silica gel, molecular sieve) or liquid

(e.g., lithium chloride (LiCl), calcium chloride (CaCl2)). Liquid

desiccants have a number of merits compared with solid desiccants.

The ability of liquid desiccant to hold moisture is normally greater

than that of solid desiccants. Besides, the regeneration temperature

of the liquid desiccant is mostly between 40 °C and 70 °C [6], which

is much lower than that required by the solid desiccant (in the range

of 60–115 °C) [7]. Compared with solid desiccant cooling system,

liquid desiccant requires a lower temperature heat for regeneration

(50–90 °C) [8]. In contrast, the regeneration process of a solid

desiccant system often has to be driven by combustion heat of,

for example, natural gas [6]. Moreover, the cost of manufacturing

a liquid desiccant system is lower than that of a solid desiccant

wheel. This makes it possible for the liquid desiccant cooling system

to be linked with low grade heat sources (solar energy or waste

heat). As the key element in a desiccant cooling system, desiccant

is a material that has a significant capacity for holding water. The

moisture transfer between the air and the desiccant is generally

driven by the difference in vapour pressure. When the vapour

pressure of the air is greater than that of the desiccant, the moisture

will be transferred from the air to the desiccant, and vice versa.

Also, due to the relatively lower cost of liquid desiccant material,

the liquid desiccant system can lead to a shorter payback period.

(2) Environment: The refrigerants such as HFCs, used in vapour com-

pression system have relatively high Global Warming Potentials

(GWP) [9]. The possible leakage of these refrigerants will con-

tribute to global warming. The conventional vapour compression

system is normally driven by electricity with the consumption of

primary energy (fossil fuel, coal, etc.), which poses threats to the

ever-increasing global energy shortage. With the ability to be driven

by low grade energy (such as solar energy, industrial waste heat,

etc.) in an environmentally friendly way, the desiccant cooling

system has become an important alternative for providing humidity

control and cooling effect, so it is helpful in reducing greenhouse

gas emissions. Carbon reductions of 33.2% with electricity saving

up to 18.9% could be achieved for a hybrid liquid desiccant cooling

system, according to Sanaye and Taheri [10].

(3) Social: The third advantage of liquid desiccant dehumidification

and air-conditioning systems is to remove indoor air pollutants and

improve the air quality. An additional benefit of the desiccants

materials is that they are capable of absorbing inorganic and organic

contaminants in the air during the dehumidification process [11].

Hence, the absorption process has the potential to remove biological

pollutants such as bacteria, fungi and viruses so improving indoor

air quality [12,13]. In addition, liquid desiccant cooling system is

applied extensively in greenhouse to provide controlled temperature

and humidity for food production.

Previously published review papers are focusing on summarizing the

advances of liquid desiccants dehumidification in particular respects

of modelling method [14], material [15], dehumidifier development

[16] and the associated contributions for indoor air quality improve-

ment [11]. Some of the previous published reviews [17,18] are dated

back to 10 years ago and urgently needs updating. Therefore, this

paper aims to provide a comprehensive update on the research progress

and development in liquid desiccant cooling system (LDCS) in the last

decade, with more than 180 research papers summarized and grouped.

The structure of this review paper is summarized below: The first part

focuses on recent development trends in liquid desiccant materials

and their characteristics, with unique summary of recent advances in

mixed and composite desiccant materials. The second part discussed

various types of dehumidifier and system configurations, with a brief

summary of mostly cited researches and their working conditions in a

comprehensive table. The third part of this review plays importances

on recent experimental and theoretical investigations of desiccant

cooling systems including (i) integrated with vapour compression

systems, (ii) evaporative cooling systems, (iii) heat pump systems and

other innovative systems. Linkages and comparisons between different

research cases are presented, and similar study concepts are classified

and briefly summarised in Tables, which provide good guidance and

easy accessibility for future research works.

2. Recent progress in liquid desiccant materials

As the key element, liquid desiccant materials play important roles

in the overall performance of the desiccant cooling system. Therefore,

it is crucial to analyse the characteristic of the liquid desiccants in

order to select the best candidates for the system. Two types of liquid

desiccant materials, including aqueous solution of organic solvent

such as triethylene glycol, diethylene glycol and ethylene glycol, and

inorganic aqueous salt solutions such as calcium chloride, lithium

chloride, lithium bromide, and calcium bromide, are widely used

[20]. Triethylene glycol (TEG) solution was utilized in a solar driven

liquid desiccant cooling system by Oberg and Goswami [21] and

Abdul-Wahab et al. [22]. Although the experimental results proved

TEG to be a good desiccant for the cooling system, due to the fact that
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Table 1

Experimental vapour pressure of aqueous salt solutions [24].

Salt Concn (%) Vapour pressure (kPa)

298.15K 303.15K 308.15K 313.15K

LiCl [25] 30 2.2 2.79

40 1.79 2.41

40 [24] 1.48 1.74 2.13 2.41

44 1.47 2.1

LiBr [25] 31 3.11 3.67

38 2.9 3.47

40 [24] 2.45 2.82 3.08 3.35

44 2.57 3.14

CaCl2 [26] 35 2.78 3.36

40 2.55 3.13

40 [24] 2.1 2.53 2.86 3.14

43 2.2 2.8

TEG has a boiling temperature very close to water, TEG can easily

evaporate into the processed air. Therefore, the liquid carryover issue

makes TEG unsuitable for liquid desiccant cooling application.

Inorganic salt solutions including calcium chloride, lithium chloride,

lithium bromide and potassium formate are widely studied and applied

in various liquid desiccant dehumidification systems. The performance

of a desiccant dehumidification process depends greatly on its vapour

pressure. The difference in the partial pressure of water in the air and

the vapour pressure of water above the desiccant solution is the major

driving force for the moisture absorption process in the dehumidifier or

the moisture desorption process in the regenerator [23]. The lower the

vapour pressure, the drier the outlet air and thus the better a desiccant

performs. Table 1 shows the experimentally obtained vapour pressure

under various temperature conditions for LiCl, LiBr and CaCl2.

2.1. Halide salt solutions

Triethylene glycol was the earliest used halide salt solution. How-

ever its application is limited by high viscosity, which could bring

the problem of unstable operation owing to the liquid residence. It

was revealed in [27] that glycol is volatile due to its low surface

vapour pressure. As the result, glycol is not suitable for air-conditioning

systems as the system cost could be raised dramatically due to glycol

being volatilized into the conditioned space. Furthermore, Rafique et al.

[15] pointed out that the dew point of air reached by using 96% tri-

ethylene glycol can be achieved by applying 42% LiCl, meaning molar

concentration of glycol in the air would be 1% that of the water vapour.

As the result the annual loss of triethylene would be significantly high.

Lithium chloride (LiCl), Calcium chloride (CaCl2) and Lithium

bromide (LiBr) are three of the most widely used halide salt desiccant

solutions recently. Zuber et al. [28], Sun et al. [29] and Ahmed et al.

[30] measured thermodynamic properties of these desiccants, and they

found that among these halide sailts, lithium chloride (LiCl) solution is

the most stable liquid desiccant, which offers the lowest water vapour

pressure and dehydration concentration 30–40%. However the cost of

LiCl is relatively high. Using LiCl solution as the liquid desiccant, the

dehumidification and regeneration performances of the systems were

studied by Zhang et al. [31,32], Fumo and Goswami [20]. Chen et al.

[33] studied a heat pump driven desiccant cooling system with LiCl

solution as the desiccant. With the inlet air temperature and humidity

of 25.4–27.8 °C and 13.9–18.2 g/kg, the temperature drop could reach

between 5.2 and 7.4 °C, with average COP of 4.0.

Calcium chloride (CaCl2) solution is the cheapest and most widely

available desiccant, but it has the disadvantages of being unstable,

depending on the air inlet conditions and the solution concentration

rate. The numerical investigations on the heat and mass transfer

performance of a cross flow dehumidifier using 40% concentration of

CaCl2 solution in the liquid desiccant systems were experimentally

studied by Dai and Zhang [34]. The mass transfer performance of LiBr

and CaCl2 solutions are compared theoretically by Lazzarin et al. [35].

The author concluded that based on the same temperature and crystal

temperature, LiBr showed better heat and mass transfer performance

than that of CaCl2 solution. In order to avoid the crystallization inside

a liquid-to-air membrane energy exchanger, Namvar et al. [36] decided

to use magnesium chloride (MgCl2) as the desiccant solution. The exper-

imental results showed that the MgCl2 concentration rate was less than

saturation concentration (35.9%) which led to no crystallization risk.

Lithium bromide (LiBr) solution offers similar characteristics during

dehumidification and regeneration process, but the cost of LiBr is about

20% higher than LiCl. Liu and Jiang [37] performed experimental tests

for air mass flow rate between 0.24–0.48 kg/s and inlet air temperature

25.4–38.8 °C, and compared the mass transfer performance of LiBr and

LiCl. The authors concluded that using the two desiccants, the COPs of

the liquid desiccant cooling system were quite similar (0.45 for LiBr and

0.47 for LiCl). In order to predict the humidification efficiency [7] of

the system, a mathematical model for an adiabatic counter flow dehu-

midifier was developed by Kornnaki et al. [38], using three different

desiccant solutions (LiCl, CaCl2 and LiBr). At the inlet air temperature

and humidity of 30–42 °C and 13.0 g/kg, the absorption efficiency was

0.145, 0.137 and 0.125 respectively for LiCl, LiBr and CaCl2.

Conde [39] reviewed a number of measured data from literature,

and proposed a series of interpolating equations for the following

properties of LiCl and CaCl2: solubility boundary, vapour pressure,

density, surface tension, dynamic viscosity, thermal conductivity,

specific thermal capacity and differential enthalpy of dilution. These

equations could be used as the basis for computer-assisted design

of liquid desiccant cooling system. Due to the fact that some of the

empirical expressions have limited accuracy, artificial neural network

(ANN) method was applied by Gandhidasan et al. [40] to predict a

wide range of vapour pressure of CaCl2, LiCl and LiBr. The results

validation showed good agreement for LiCl and LiBr compared with

data published in the literature. Other types of halide salts have been

investigated as well. Namvar [36] used magnesium chloride (MgCl2)

as desiccant material for a liquid desiccant system, and found that the

working concentration of MgCl2 is less than saturation concentration

(35.9%), which would avoid the problem of crystallization.

2.2. Organic acid and ionic liquids

The aforementioned three salts have the disadvantages of corrosive

feature, which can cause significant damage to air conditioning system.

As a less corrosive and more environmentally friendly solution, potas-

sium formate (KCOOH) solution has recently been applied in desiccant

cooling unit. KCHOOH solution has low toxicity and viscosity, and they

are neither corrosive nor volatile [41]. Furthermore, at high solution

concentration potassium formate can outperform conventional liquid

desiccant by promoting a high degree of vapour pressure depression

while maintaining a crystallisation temperature of less than 0 °C [42].

Using KCOOH solution as the desiccant, Elmer et al. [41] reported

a novel integrated system in which the regenerator, dehumidifier

and evaporative cooler were combined into a single heat and mass

exchanger. With the inlet air temperature between 30 °C and 35 °C,

and relative humidity of 51–70%, the moisture removal rate was in

the range of 0.15–0.4 g/s, with the average system COP of 0.72. Longo

and Gasperella [6] experimentally tested the performances of a liquid

desiccant cooling system using LiBr, LiCl and KCOOH solutions. The

authors summarized that LiCl and LiBr solutions demonstrated better

dehumidification performance compared with KCOOH solution, which

performed better in regeneration process. Qiu et al. [43] conducted ex-

perimental investigation of a liquid desiccant cooling system driven by

flue gas waste heat from a biomass boiler. With KCOOH concentration

ratio of 47% and the air flow rate of 24000l/min, the average air RH

decrease was around 12.9–13.3%.

Longo and Gasparella [44] examined the energy saving effect of

three different liquid desiccants (LiCl, KCOOH and LiBr) in a real flower
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greenhouse application during three years’ time span. The greenhouse

equipped with such desiccant based air conditioning system exhibited

the energy saving of 9.6%, 11.7% and 15.1% respectively for using

the desiccants of LiCl, KCOOH and LiBr. The authors concluded that

as a cheap and biodegradable desiccant, KCOOH presented a vapour

pressure higher than other conventional desiccants. However, KCOOH

could not dehumidify air with low moisture content, while LiBr

outperformed KCOOH in this case.

Ionic liquids (ILs) in the form of organic cation and inorganic anion,

are generally molten salt at room temperature [45]. The advantageous

features of non-corrosive, non-combustible and good thermal and

chemical stability [45] make ILs possible alternatives to other liquid

desiccants. However, limited research works have been conducted on

experimentally analysing the system performance of ILs integrated

LDCS, with focuses restricted in [Bmim]BF4 [45], [Dmim]OAc [45],

[P4441][DMPO4] [46], [C4mim][Cl] [46], and [C4mim][BF4] [46].

It was concluded that [Dmim]OAc with an inlet mass concentration

of 81.7% could reach the same dehumidification efficiency as LiCl of

40.9% and LiBr of 45.0% mass concentration [45]. The performance of

[P4441][DMPO4] has been tested over 1 year in a LDCS, with the results

indicating stable system performance with at least 80% electricity

saving and 20% cost reduction compared with conventional LCDS using

LiCl of 30% mass concentration [46].

2.3. Mixed and composite desiccant

Recently there has been increasing research interest in the mixed

solvent desiccants. Some of the salts such as LiCl possesses low vapour

pressure and are more stable, but the cost is too high compared with

other salts like CaCl2. By mixing the salts together, the dehumidifica-

tion characteristics are expected to be improved, accompanied by a

considerable reduction in the costs and energy consumption [47].

A number of researches [30,48] have been focused on the working

performance for the different combinations between two solvents.

In most application the general properties of the mixed solvent after

combination are required as: high elevation of boiling point, high

latent heat of condensation and dilution heat, low vapour pressure, low

crystallization point, easy handling at low temperature, low viscosity,

high density and low cost. Ahmed et al. [30] presented a series of simple

mixing rules to predict the vapour pressure, density and viscosity of the

desiccant mixture (50% CaCl2 and 50% LiCl). At temperature of 60 °C,

the vapour pressure of CaCl2 and LiCl mixture at 30% concentration

was about 100 mmHg, which agreed well with the results obtained by

Ertas et al. [23]. In Ertas et al. [23]’s study, the mixture solution was

tested between 26.6 °C to 65.6 °C with concentration from 20wt% to

40wt%. The testing results showed that the addition of LiCl into CaCl2

could reduce the vapour pressure in a nonlinear manner in the whole

temperature range. Chen et al. [49,50] studied the vapour pressures

and densities of the mixed solvent desiccants (glycols+water+salts) in

the temperature range of 30–70 °C. Six ternaries in the combinations

of organic solvents (tetraethylene glycol (T4EG), diethylene glycol

(DEG) and dipropylene glycol (DPG)) and salts (LiCl and LiBr) were

selected with salts ratio of 4–25% and glycols ratio of 50–80%. The

experimental results demonstrated that the selected organic-salts mixed

system offered lower vapour pressure compared with the commonly

used desiccant counterpart.

Li et al. [51] compared the dehumidification effects of five groups of

mixture for LiCl and CaCl2 under the inlet air temperature around 30 °C

and inlet air humidity in the range of 10 g/kg-12 g/kg. The experimental

results proved that the mixed solvent (31.2% LiCl and 20% CaCl2) could

offer the best moisture removal rate of 4.6 kg/kg under the inlet air hu-

midity of 12 g/kg. In order to relate the system performance in a more

cost-effective way, Li et al. [52] defined an equation analysing the ratio

between effectiveness and the cost of the liquid desiccant. The mixture

of LiCl and CaCl2 were analysed experimentally with concentration rate

in the range of 21.5–28.9%. The results indicated that for the mixed

solvent solution, the moisture removal rate was 5 times higher than the

single CaCl2 solution under the inlet air conditions of 27 °C.

Due to the fact that the deliquescence property of brine solution

such as LiCl and CaCl2 will lead to the reduction of desiccants in the

life cycle, researchers started to analyse composite desiccants [53].

Composite desiccant usually are formed by confining salts into porous

host adsorbents, thereby the limited dehumidification capacity of silica

gel and the corrosive features of salt solutions could be eliminated [54].

Chua [55] conducted modelling and experimental investigations on

the heat and mass transfer performance for composite desiccants based

dehumidification system. The composite desiccants selected were silica

gel-CaCl2, silica gel-LiCl and silica gel-PVOH. With inlet air temperature

around 26–34 °C, and the processed air velocity of 1.33–2.21 m/s, the

moisture removal rate of silica gel- LiCl was 4.5–5.5 g/kg, which was

20% higher than that of single silica gel. The dehumidification effects

with desiccant solution with 32% of LiCl and 10% of CaCl2 were studied

by Li et al. [56]. The simulation results were compared with the exper-

imental data, and it proved that the moisture removal rate could reach

around 0.8–1.0 g/kg for the incoming air ratio of 8.3 g/kg and incoming

air temperature of 23–28 °C. Tables 2 and 3 summarizes respectively the

dehumidification performances of various desiccant materials from lit-

erature and the physical properties of various mixed desiccant solvents.

3. Recent progress in the configuration of liquid desiccant

dehumidifier/regenerator

As the most important component in the dehumidification process,

the flow pattern and various configurations of the dehumidifier have

aroused researchers’ great interests. In the dehumidifier, the incoming

humid air gets in contact with the liquid desiccant, which helps to

absorb the moisture from air. Based on the way the incoming air gets

in contact with liquid desiccant solution, the dehumidifier could be

classified as four types, namely: parallel flow, cross flow, counter flow

and counter-cross flow. Based on the absence or presence of an internal

cooling/heating source in the dehumidifier, the liquid desiccant cooling

system can be categorized into two types: adiabatic and internally

cooled dehumidifier, as shown in Fig. 2.

3.1. Parallel flow, cross flow, counter flow and counter-cross flow

dehumidifier/regenerator

Based on the flow pattern, there are generally four types of de-

humidifiers: parallel flow, counter flow, cross flow and counter-cross

flow. The configurations are shown in Fig. 3.

Recent studies have been focused on cross flow dehumidi-

fied/regenerator. Das and Jain [59,60] numerically and experimentally

assessed the performance characteristics of cross flow membrane

dehumidifier, which is formed by series of alternate solution and air

channels in cross flow arrangement. Their results showed that the de-

humidifier effectiveness improves at lower air channel gap, but the cost

increases as the result of higher pressure drop. Liu et al. [61] carried

out a theoretical modelling on a cross-flow liquid desiccant dehumid-

ifier/regenerator using NTU methods. The experimental results showed

that the moisture effectiveness achieved was in the range of 30%−60%,

which agreed well with the simulation results. By adding the cooling

water into the dehumidifier to cool the liquid desiccants, six different

types of internally cooled dehumidifier were numerically investigated

by the same group of researchers [62]. The simulation results showed

that the mass transfer driving force for parallel-flow dehumidifier was

less uniform than the counter-flow one, which presented better mass

transfer performance. Numerical and experimental investigations of a

cross-flow dehumidifier packed with honeycomb paper were conducted

by Dai and Zhang [34]. The obtained Nusselt number for the liquid and

gas side were 2.84 and 6.54 respectively, and the Sherwood number

was around 5.4. A cross-flow fin-tube dehumidifier was designed by Luo

et al. [63] using LiCl as the desiccant. The dehumidification efficiency
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Table 2

Summary of dehumidification performances from literature.

Reference Solution Air mass flow

rate (kg/s)

Inlet air

temperature (°C)

Inlet air humidity /

relative humidity

Solution

temperature

Moisture removal rate (g/s) COP

Chen et al. [33] LiCl 1.75–2.04 25.4–27.8 13.9–18.2 g/kg 15.6–19.2 4.0

Liu and Jiang [37] LiBr 0.33–0.48 25.4–35.4 9.5–18.4 g/kg 19.7–27.2 1.37–2.03 0.45

Liu and Jiang [37] LiCl 0.29–0.50 26.9–35.1 9.8–20.4 g/kg 21.8–29.0 1.53–2.46 0.47

Li et al. [51] 31.2% LiCl and 20% CaCl2 0.07–0.16 30.0 10–12 g/kg – 4.6 –

Koronaki et al. [38] LiCl 0.01–0.10 30–42 12.9–14.9 14–30 – 0.13–0.20

Koronaki et al. [38] CaCl2 0.01–0.10 30–42 12.9–14.9 14–30 – 0.10–0.15

Koronaki et al. [38] LiBr 0.01–0.10 30–42 12.9–14.9 14–30 – 0.12–0.18

Elmer et al. [41] KCOOH 0.074 30.1–34.7 51.4%−70.6% 25.1–25.8 0.15–0.4 0.72

Chua et al. [55] Silica gel+ LiCl 26–34 50%−80% 0.0018–0.0042 g/kg (Moisture

removal capacity)

1–2.6

Chua et al. [55] Silica gel+CaCl2 0.042–0.070 26–34 50%−80% – 0.0014–0.0032 g/kg (Moisture

removal capacity)

0.4–2.2

Tu et al. [57] LiCl 1.0 25–45 60% – – 0.3–1.4

Yin et al. [58] LiCl 28.5–34.5 11.8–18.5 g/kg 25–30 0.15–0.30 –

Table 3

Summary of Vapour pressure, density and viscosity for mixed solvents desiccant.

Reference Temperature Mixed Solvents Concentration Vapour pressure (Pa) Density (
∗
10–3 kg/m3) Viscosity (mPa s)

Ahmed et al. [30] 60.0 °C 50% CaCl2+50% LiCl 30% wt% 13,330 1.181 1.40

Ertas et al. [23] 60.0 °C 50% CaCl2+50% LiCl 30% wt% 17,862 1.160 1.37

Ertas et al. [23] 43.3 °C 50% CaCl2+50% LiCl 30% wt% 6265 1.187 1.85

Ertas et al. [23] 60.0 °C 50% CaCl2+50% LiCl 40% wt% 11,997 1.286 3.494

Chen et al. [49] 60.0 °C 50%DEG+25%water+25%LiCl 7.863 mol/Kg 3440 – –

Chen et al. [49] 60.0 °C 50%T4EG+25%water+25%LiCl 7.863 mol/Kg 3386 – –

Chen et al. [49] 60.0 °C 50%DPG+25%water+25%LiBr 3.838 mol/Kg 8959 – –

Chen et al. [49] 60.0 °C 50%DEG+25%water+25%LiBr 3.838 mol/Kg 8573 – –

Tsai et al. [50] 60 °C 50%TEG+25%water+25%LiCl 7.863 mol/Kg 2702 1.22 77.97

Tsai et al. [50] 60 °C 50%PG+25%water+25%LiCl 7.863 mol/Kg 2956 1.16 35.77

Tsai et al. [50] 60 °C 50%TEG+25%water+25%LiCl 3.838 mol/Kg 8170 1.29 13.35

Fig. 2. Different configurations of liquid desiccant

dehumidifier/regenerator.

[7] achieved was in the range of 50%−60%, under inlet air temperature

of 27–37 °C, inlet air humidity of 0.017–0.021 g/kg and air flow rate

between 0.08 kg/s and 0.2 kg/s.

Due to the fact that the outlet air stream is located at the entrance of

the fresh desiccant solution’s inlet, counter flow conditions are generally

showing better dehumidification ability compared with other two flow

patterns [64]. However, there is very few research or established evalu-

ation indicator which could predict/compare the heat and mass transfer

performance of parallel flow, counter flow and cross flow dehumidifier.

In order to address this issue and evaluate the inherent mass transfer

ability for different flow pattern dehumidifier, Yang et al. [65] defined

a novel concept called dehumidification perfectness, which was the

ratio between dehumidification effectiveness and the moisture removal

rate. Lu et al. [66] established a CFD model to analyse the counter-flow

dehumidifier based on VOF (volume of fraction) and RNG (Renormal-

ization group) turbulent model. The modelling results indicated that

the interfacial pressure and velocity fluctuation should be carefully

examined in order to determine the interfacial liquid film wave pattern.

According to [67–69], the drawback of cross flow pattern compared

with parallel type is that efficiency of cross flow type is 10% approx-

imately lower than that of the parallel flow type. However, parallel

flow type dehumidifier is not easy for the sealing of liquid desiccants.

Furthermore, the parallel flow exchanger with simple headers located

next to each other is hard for construction in HVAC system. A novel

heat and mass exchanger that incorporates both parallel and cross flow

exchanger were developed by Vali et al. [69,70] as shown in Fig. 4.
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Fig. 3. Various flow patterns for dehumidifier/regenerator.

Fig. 4. Structure of a counter cross flow heat and mass exchanger.

As seen in Fig. 4, the air flows a uniform straight path from right side

of dehumidifier to the left side, while desiccant flows into the exchanger

from the left bottom header, and it is in a S-shape inside the exchanger.

Their numerical results revealed that the effectiveness of such type is

higher than cross flow type, but lower than parallel flow type. Mahmud

and Moghaddam [71,72] experimentally tested the performance of a

counter cross flow energy exchanger using MgCl2. They tested a full

size module and a small scale module and found that effectiveness

increases with Cr∗ for both air cooling and dehumidifying, and air

heating and dehumidifying testing conditions. Small-scale module can

also help reduce the problem of membrane deflection. Namvar et al.

[73] compared the steady state and transient effectiveness of a counter

cross flow membrane energy exchanger through experimental tests

under summer and winter conditions. They found that effectiveness

of exchanger increase during the transient period before reaching

steady state value. Similar to counter cross flow type, another type so

called quasi counter flow parallel-plate membrane contractor (QFPMC)

was developed and analysed by Huang et al. [74–76]. In the solution

channels, solution flows along an S-shaped path line. They found that

sensible and latent effectiveness of such type are deteriorated by 5–29%

and 2–13% respectively compared with cross flow contractor. Table 4

summarizes the dehumidification performances for various types of

dehumidifiers according to the three flow patterns.

3.2. Adiabatic and internally cooled dehumidifier/regenerator

Based on the absence or presence of an internal cooling/heating

source in the dehumidifier/regenerator, the liquid desiccant cooling

system can be categorized into two types: adiabatic and internally

cooled dehumidifier or internally heated regenerator. For an adiabatic

dehumidifier, there normally would be no heat exchange during the

process of dehumidification/regeneration. In such dehumidifier, the

solution temperature would become higher during the dehumidifica-

tion, so that the dehumidification capability would decrease gradually

[80]. In order to avoid this, an internally cooled dehumidifier was

introduced. By adding extra cooling source to cool the desiccant

solution, the heat generated during the dehumidification process could

be removed effectively. Thereby, the vapour pressure of the desiccant

solution can be maintained at a lower level, which is favourable for the

dehumidification process. A schematic comparison showing the heat

and mass transfer between adiabatic and internally cooled dehumidifier

can be found in Fig. 5.

In recent decades, many researches have been concentrated on

internally cooled dehumidifier [78,80]. Bansal et al. [78] investigated

the performances of an adiabatic and an internally cooled packed bed

dehumidifier. The experimental results indicated that internally cooled

dehumidifier offered dehumidification effectiveness in the range of

0.55–0.71, which were higher than that of adiabatic cooled dehumid-

ifier (efficiency of 0.38–0.55). Gao et al. [80] performed experimental

research into an adiabatic dehumidifier and three internally cooled

dehumidifier with cooling water injected from different positions. With

inlet air temperature and moisture level in the range of 27–38 °C and

8.5–21.36 g/kg respectively, the dehumidification effectiveness were

0.2–0.4 and 0.3–0.65 respectively for the adiabatic and internally

cooled dehumidifier. Correlations of dimensionless Sherwood number,

Schmidt number and Reynolds number were obtained based on the ex-

perimental data. A similar adiabatic and internally cooled dehumidifier

was experimentally tested and compared by Yin et al. [58]. The experi-

mental results indicated that the moisture removal rate of the processed

air would decrease with the increase of the desiccant temperature. By

increasing the inlet desiccant temperature, the moisture removal rate in

the adiabatic dehumidifier was higher than that in the internally cooled

dehumidifier. A single channel internally cooled dehumidifier suitable
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Fig. 5. Comparison of heat and mass transfer between adia-

batic and internally cooled dehumidifier [81].

Fig. 6. Schematic diagram of three typical internally-cooled dehumidifiers: (A) parallel plate [58,81]; (B) fin coil [83,84]; and (C) packed tower with cooling tubes

[78].

for the Climatic condition of Hong Kong was proposed by Luo et al.

[82]. The author concluded that when the LiCl solution concentration is

smaller than 35%, the dehumidification effect was very limited, and the

optimum concentration rate of the solution should be around 36–39%.

3.3. Three typical internally cooled dehumidifiers

The internally cooled dehumidifier can be further categorized

into three types: parallel plate [58,81], fin coil [83,84] and packed

tower with tubes [78]. The schematic diagram of these three types of

dehumidifier is shown in Fig. 6.

For these three types of dehumidifier, the air and the desiccant

solutions are all performed in cross flow direction. The major differ-

ences between these three types of dehumidifier are as following: in the

parallel plate dehumidifier (as shown in Fig. 6(A)), the internal cooling

water is pumped into water passage located inside the plate. In the

fin coil dehumidifier (as shown in Fig. 6(B)), the cooling water flows

inside the coil to cool the liquid desiccant coming down from the top

of the dehumidifier. Packed bed dehumidifier (as shown in Fig. 6(C)),

makes use of a non-adiabatic structured packed bed absorber consisting

of rigid media pads with cooling water flowing through tubes, which

are embedded in the packing.

In order to increase the heat transfer contact area, Yin et al. [58] pro-

posed to add fins to the plates, which led to an internally-cooled fin

coil dehumidifier. The dehumidification and regeneration performance

were measured under different air flow rates, water inlet temperature

and solution inlet temperatures. A similar internally-cooled dehumid-

ifier featured with stainless steel fin coil was developed by Zhang

et al. [83] using LiBr solution as the desiccant. The device consisted of

eight rows with 22 cooling water channels in each row, with specific

surface area of 790m
2
/m

3
. The experimental results were validated

against the simulation data, and the obtained COP was in the range of

4.2–6.5. Considering the corrosion problem, Liu et al. [84] proposed an

internally-cooled fin coil dehumidifier made from thermally conductive

plastic. The heat transfer coefficients between the desiccant solution

and the plastic pipe were in the range of 2727–3714 W/m
2
K, which

showed comparable heat transfer performance to other internally

cooled dehumidifier made of aluminium or copper.

The aforementioned three types of internally-cooled liquid desiccant

dehumidifiers were quantitatively studied and simulated by Liu et al.

[85], Peng and Luo [86]and Zhang et al. [87,88]. The simulation results

were compared with the experimental results from other published

literature [81,83,84]. The authors defined two parameters, namely,

heat transfer ability and mass transfer ability to quantitatively analyse

the working performance of these three dehumidifiers. It was concluded

that the fin-coil type dehumidifiers offered higher dehumidification per-

formance due to higher heat and mass transfer ability, while the packed

tower with cooling tubes yielded the worst dehumidification effect.

Huang et al. [89,90] developed an internally-cooled membrane-

based liquid desiccant dehumidifier (IMLDD) as shown in Fig. 7. In

such design channels are made by membranes and plastic plates being

stacked together, cooling water flows along plastic plates to for the

water falling films in the water channel and sweep air flows over water

falling films. Heat released to the solution channel is taken away by

the falling water through plastic plates, and then extracted by sweep

air through evaporation. They also developed a quasi-counter flow

parallel-plate membrane channels with cooling tubes (QCPMCC) as

shown in Fig. 8 [74]. In their design solution flows into and out of

the contractor from side openings, several Z-shaped cooling tubes

with cooling water flowing inside are installed in solution channels to
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Fig. 7. Schematic of a cross flow IMLDD [89,90].

Fig. 8. Schematic of a quasi counter flow QCPMCC.

take absorption heat away. Their results revealed that under the tube

diameter of 0.003 m, the mean Reynolds number increases with tube

number, but mean Nusselt number decrease with tube number.

Table 5 summarizes the dehumidification performances for various

types of dehumidifiers according to the two different integrated cooling

patterns.

4. Recent progress in heat and mass transfer models

In order to fully understand the dehumidification and regeneration

process, it is crucial to select the proper model for the heat and mass

transfer mechanism analysis. The mass transfer between the air and

the desiccant is generally driven by the difference in vapour pressure.

When the vapour pressure of the air is greater than that of the desic-

cant, the moisture will be transferred from the air to the desiccant, and

vice versa. Many researchers have been working on the selecting the

proper models and making great achievements. Among the most recent

works, the following four models are most popular heat and mass trans-

fer models applied in the simulation: the finite difference model [95,96],

the effectiveness-NTU model [51,94,97–99], artificial neural network

(ANN) model [100] and other novel heat and mass transfer models.

4.1. Finite difference model

In the finite volume model, the dehumidifier/regenerator unit is

divided into small control volumes, and the energy and mass transfer

balance will be solved within each control volume. Applying finite

difference model, a falling film internally cooled dehumidifier was

proposed by Park et al. [101] using TEG as liquid desiccant. The flow

condition was considered to be in the laminar range for the falling film.

A fully three-dimensional model considering the boundary conditions

was deployed for counter flow conditions. The simulation results indi-

cated that the dehumidification rate was in the range of 7.5–8.2 kg/h,

which were about 5–8% higher than the experimental testing results. A

similar falling film absorber with a film-inverting configuration was the-

oretically analysed by Islam et al. [102]. The aim of this film inverting

absorber was to improve the absorption of the moisture by the liquid

desiccant. A liquid distributor was introduced in order to divert the

liquid desiccant into half segment of the circular section. Applying finite

difference method, the simulation results obtained showed that the

mass flux of water were in the range of 0.0035–0.0042 kg/m
2
s, which

was much higher than that obtained by conventionalxbrk absorber.

Mesquita et al. [103] developed three different simulation models

for a liquid desiccant dehumidifier which respectively introduced vari-

able thickness model, constant thickness model with finite difference

methods and simplified model. The simulation results were compared

with the experimental data presented by Kessling et al. [81]. The

results indicated that the variable thickness model can be adapted for

non-isothermal conditions, while the other two models under-predict

the dehumidification process. A packed bed liquid desiccant dehumid-

ifier/regenerator with TGR as liquid desiccant was simulated using

finite difference model by Oberg and Goswami [104]. The model was

assumed of adiabatic absorption, in which the concentration and tem-

perature gradients only happened in the flow direction. The simulation

results were compared with experimental data obtained from literature,

and good agreement were achieved. Based on this model, another

similar simulation work was conducted by Fumo and Goswami [20] for

an aqueous lithium chloride desiccant system. Two modifications were

included in this work which considered the higher surface tension of

LiCl and higher water concentration in the solutions compared with

that in TEG. The effects of various desiccant concentration ratios on the

dehumidification/regeneration rates were simulated and validated with

experimental work. Xiong et al. [105] conducted exergy analysis based

on finite difference method for a two-stage liquid desiccant dehumidifi-

cation system. In order to increase the performance of liquid desiccant

dehumidification system, the incoming air was first dehumidified by

CaCl2 solution and then further dehumidified by LiCl solution to the

desired air humidity. The simulation works were validated by a single

stage liquid desiccant system. It was concluded that the (Coefficient

of Performance) COP and exergy efficiency of the two-stage system

could be improved by 0.73% and 23% respectively compared with

single liquid desiccant system. A finite difference model was developed

by Lee et al. [106] to analyse the heat and mass transfer performance
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for LiCl dehumidification process in a plate dehumidifier using LiCl

as the desiccant. In order to improve the wettability of the solution, a

multi-porous hydrophilic surface treatment was made as the coating for

the grooved plate dehumidifier. The simulation obtained heat transfer

coefficient of the LiCl solution ranging from 250 to 470 W/m
2
K.

4.2. 𝜀-NTU model

Finite difference model works well for parallel-flow conditions.

However, when the processed air and liquid desiccant are in counter-

flow configuration, the outlet conditions of the desiccant remain to be

unknown and require iterative calculation, which is time-consuming

for the computer simulation. Therefore, many researchers have used

𝜀-NTU model to predict the heat and mass transfer performance of the

dehumidification/regeneration. Chen et al. [107] proposed modelling

on a counter-flow and a parallel-flow dehumidifier using 𝜀-NTU model.

A 3-D heat and mass transfer analysis on a cross-flow liquid dehumid-

ifier applying 𝜀-NTU model was carried out by Liu et al. [61,108]. The

effects of various air humidity ratio on the dehumidification efficiency,

condensation rate were simulated and compared with the experimental

data obtained by Fumo and Goswami [20]. Considering the fact that

the surface of the packing material may not be entirely wetted during

the dehumidification process, a ratio of effective mass transfer area to

the effective heat transfer area was defined in a double film model by

Ren et al. [109] to improve the simulation efficiency. In this model,

the effects of non-unity values of Lewis factor, changes in solution mass

flow rate and concentration were also considered. The numerical results

of the outlet air temperature agreed well with the numerical result

presented by the same group of researchers [110], with percentage

difference of 3%. A mathematical model using 𝜀-NTU methods, which

was suitable for high flow rate desiccant conditions, was applied by

Babakhani et al. [111]. The numerical results showed condensation

rate was in the range of 0.35–0.5 g/s, which indicated ±5% deviation

from the experimental data [20]. Tu et al. [57] developed a simplified

model based on 𝜀-NTU methods for a liquid desiccant integrated with

an evaporative cooling system. The numerical results revealed that

with air to dehydrated desiccant mass flow rate ratio in the range of

1–7, the cooling capacity was in the range of 50–250KJ and COP would

be in the range of 0.41–0.5. However, the numerical result was not ex-

perimentally validated. For membrane-based liquid desiccant heat and

mass contractors, effectiveness correlations were proposed by Zhang

and Niu [112]. In their research they developed sensible and latent

effectiveness correlations for a flat-plate exchanger with membrane

cores. They compared their empirical correlations with experimental

data and found the effectiveness correlations can predict the membrane

contractor performance accurately. Zhang [31] extended the work to

hollow fiber membrane contractors and developed analytical solution

based on solely algebraic correlations. This analytical solution was

accurate and convenient for estimating sensible and latent effectiveness

for hollow fiber membrane contractors, but its calculation load was

significantly high since solution outlet temperature and concentration

need to be assumed to start calculation. Ge et al. [113] improved

Zhang’s model by assuming that desiccant solution mass flow rate and

concentration are constant. Their analytical solution was validated

by experimental data under different conditions and the discrepancy

between analytical and experimental effectiveness was within 10%.

To sum up, 𝜀-NTU can provide relatively accurate results with less

iteration than finite difference method. It is time saving and can predict

the performance of heat and mass exchangers effectively [14].

4.3. Other models

Ahmed et al. [30] studied the thermodynamic properties of liquid

desiccants (CaCl2 and LiCl) considering a closed system consisting of

liquid and vapour phase in equilibrium. Using algebraic equations, the

authors analysed the variations of vapour pressures under different

solution temperatures.

A mass transfer model based on the kinetic theory of gas was

promoted by Li et al. [56] for a liquid desiccant cooling system. In this

model, water was considered to be in two-way movements in the form

of molecular. The numerical results proved that the moisture removal

rate could reach around 0.8–1.0 g/kg in the incoming air with a specific

humidity ratio of 8.3 g/kg and temperature if 23–28 °C, which were in

good agreement with the experimental data.

Exergy analysis [105] based on the principle of second thermody-

namics law has been applied greatly by researchers as a way to improve

the system performance. Wang et al. [114] conducted exergy analysis

for an ideal liquid desiccant system working under three different op-

erational conditions. It was demonstrated in the numerical simulation

that the operating condition 2 (where the dehumidification tempera-

ture was lower than the ambient temperature) was more efficient than

other conditions because the exergy of latent heat consumed in the

dehumidifier and the regenerator were all coming from exergy supply.

By lumping the thermodynamic parameters into seven characteristic

parameters, Wang et al. [115,116] proposed a hybrid models which

contains two simple nonlinear equations of the heat and mass transfer

coefficients for the dehumidification process. The numerical results

were validated against the experimental data. With the desiccant

flow rate in the range of 2.5–7 kg/min, experimentally obtained heat

transfer rate was in the range of 0.8–1.3 kW, with 10% difference from

the modelling results. With similar aim to avoid iterative computation

process, Wang et al. [116] proposed two non-linear equations to analyse

the heat and mass transfer process in the liquid desiccant dehumidifier.

The experimental results were obtained to compare with the simulation

predication, and 10% difference was identified. Su et al. [117] carried

out exergy analysis for a solar-assisted absorption chiller combined with

liquid desiccant dehumidification system for cooling and fresh water

to assess the system thermal performance. Developed exergy analysis

models were solved by calculating the exergy destruction using EES

(Engineering Equation Solver) software and they found that the exergy

efficiency (𝜂ex) for the proposed system could reach 25.64%, which is

2.97% higher than that of a reference system.Due to the complexity of

the dehumidification process, theoretical modelling relies heavily upon

iterative calculation. A simplified numerical model was developed by

Qi et al. [118] to predict the outlet conditions of an internally cooled

liquid desiccant cooling system. A sets of numerical correlations were

obtained based on the infinite difference model developed by Ren et al.

[92]. Three kinds of effectiveness (enthalpy, moisture and temperature

effectiveness) were defined as the input parameters for this model.

The numerical modelling results were compared with previous exper-

imental data [81,91,119], which showed average deviation of around

20%.

Another way to avoid the complicated iterative process during the

simulation is to use response surface methodology (RSM) to obtain a

set of calculation correlations. A wide range of experimental data pool

should be found available in literature in order to carry out such kind of

statistical analysis. Martin and Goswami [120] summarized a deviated

correlation representing the relationship between the dehumidification

efficiency and the dimensional parameters of the dehumidifier. Liu

et al. [37] proposed a set of model correlation which linked the solution

regeneration rate with incoming air mass flow rate and humidity,

solution temperature and humidity, etc. This set of correlation was later

used to compare with a similar correlation from a simplified model of

a packed bed regenerator developed by Kim et al. [121]. The authors

[121] compared these two sets of correlations with experimentally ob-

tained results, and demonstrated that the model developed by Liu et al.

[37] seemed to overestimate the regeneration rate, while the model

proposed by Kim et al. [121] showed deviation difference of ±20%

compared with experimental data. Langroudi et al. [122] evaluated a

LDCS using RSM methods combined with 𝜀-NTU model, the maximum

dehumidification mass rate was obtained as 0.154 g/s under the air
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Fig. 9. Schematic diagram of a solar regenerated liquid desiccant system ventilation pre-conditioning system [123].

velocity of 4.1 m/s, desiccant flow rate of 0.035 kg/s, incoming air

humidity of 0.0185 kg/kg.

Using multi-objective Genetic Algorithm method, Sanye and Taheri

[10] simulated a liquid desiccant heat pump system with the opti-

mizations of energy, exergy, economic and environmental aspects. The

simulation results indicated that the proposed system could provide

electricity reduction of 33.2% and carbon reduction of 33.2%, with

payback period of 3.04 years.

5. Recent progress in hybrid liquid desiccant dehumidification

systems

The ability of moisture absorption enables liquid desiccant system

to be combined with other system to help to improve the overall

system performance. Past decade has seen many research innovations

of hybrid system, including solar driven liquid desiccant system and the

combination of liquid desiccant with vapour compression system, heat

pump system and CHP system. Many research groups have extensively

carried out theoretical studies and experimental works in these areas.

5.1. Solar assisted liquid desiccant cooling system

One of the advantages of liquid desiccant cooling system (LDCS)

lies in the fact that the dilute liquid desiccant can be regenerated by

low grade heat. Therefore, recent years have seen a large number of

research progresses in the theoretical and experimental investigations

on the solar assisted liquid desiccant cooling system.

Katejanekarn and Kumar [123] conducted a simulation on a solar re-

generated liquid desiccant cooling system ventilation pre-conditioning

system under the climatic conditions of Thailand. The solar collector,

the dehumidifier and the HXs were simulated separately in the model.

The system diagram is shown in Fig. 9. The effects of various solar

radiations, air flow rates, desiccant flow rates and concentration rate on

Fig. 10. The Schematic diagram of solar air pre-treatment collector/regenerator

[19].

the moisture removal rate and evaporation rate were analysed theoret-

ically. The authors concluded that solar radiation, ventilation rate and

the desiccant solution rate played more vital roles on the system perfor-

mance. Similarly, another simulation was conducted by Mohasien and

Ma [124] for a solar assisted LDCS under the Sydney climate condition,

using LiCl solution as the desiccant. The simulation model was verified

by the experimental results presented by Fumo and Goswami [20]. The

results indicated that around 0.5–0.55 thermal COP could be achieved

and 73.4% of thermal energy could be provided by the solar collectors.

Croffot and Harrison [125] proposed a large scale field testing

for solar driven LDCS in Canada. The experimental works have been

concentrated on the effects of various solar radiations, desiccant

concentration on the cooling capacity and system COP. The authors

concluded that a thermal COP of 0.47, and cooling capacity of 12.3 kW

could be achieved under 5 hot summer testing condition.

A solar air pre-treatment collector/regenerator (as shown in Fig. 10)

was applied in LDCS by Peng et al. [19]. Compared with higher
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Fig. 11. The 3D view of the polymer plate heat ex-

changer for LDSC [128].

regeneration temperature required for traditional LDCS, the proposed

system could achieve better regeneration effect with lower temperature

heat from solar energy. Using LiCl as the desiccant, the simulation

results showed that the storage capacity of proposed system could be

improved by 50%, when the regeneration temperature was 60 °C, and

the inlet air specific humidity was 2.33 kg/kg.

The liquid desiccant cooling system is also applied extensively in

greenhouses to provide controlled temperature and humidity for food

production. In the tropical areas where the solar radiation throughout

the year is abundant, solar assisted liquid desiccant cooling system

could be an alternative to evaporative cooling system for agricultural

industry [126]. Lychnos and Davies [127] performed experimental and

theoretical simulation for a solar powered liquid desiccant system using

MgCl2 as the refrigerant. The theoretical model was developed and

verified with the experimental results. Compared with conventional

evaporative cooler, the proposed system could further lower the av-

erage daily maximum temperature by 5.5–7.5 °C. As a cross-discipline

research, this paper also analysed the effect of LDCS on various crops

growth including lettuce, tomato, cucumber and soya bean. It was con-

cluded that the proposed LDCS could provide year-round cultivation of

all the above crops under the tropical, subtropical climatic conditions.

Longo and Gasparella [44] conducted a three-years’ experimental

research on a LDCS for a flower greenhouse. The system performance of

using three liquid desiccants namely LiCl, KCOOH and LiBr have been

analysed and compared. The results indicated an average of 11.7%

energy saving by applying the LDCS compared with conventional air

conditioning system, although LiCl and LiBr offered more effective

dehumidification performance compared with KCOOH. Due to the fact

that KCOOH is biodegradable and not hazardous to the environment,

KCOOH was selected by the authors as the most promising desiccant

for future use in LDCS.

Implementing a polymer plate heat exchanger into the LDCS, Sha-

hab [128] conducted experimental field tests on a solar driven LDCS.

As shown in Fig. 11, the polymer plate heat exchanger with dimension

of 1.3×1.5×1.8 m was placed inside the absorber unit with a tilt angle

of 45°. The system dehumidification performance was tested under

the summer climatic conditions in Australia using 43% wt LiCl. The

effects of various air flow rate and desiccant flow rate on the system

performance were analysed experimentally. The results demonstrated

that the proposed system could provide cooling capacity up to 20 kW

with dehumidification efficiency up to 72%.

The simulation of yearly system performance of a solar assisted

LDSC for commercial applications in five metropolitan cities (Singa-

pore, Beijing, Huston, LA and Boulder) were conducted by Qi et al.

[129]. The effects of various solar collector areas and monthly solar

radiations, ambient air conditions on the electricity consumption

saving, sensible heat ratio and monthly average COP were analysed

theoretically. Economic analysis was conducted as well. The results

indicated that with solar collector up to 600m
2
, the annual electricity

consumption saving could reach to 450 MWh.

Li and Zhang [130,131] investigated a solar energy driven hollow

fiber membrane-based desalination system as shown in Fig. 12. The

system consists of a membrane-based humidifier, a fin-and-tube type

dehumidifier and a solar heating unit, which consists of a U-tube

evacuated solar collector and a heat storage tank. The hollow fiber

membrane-based humidifier is similar to a shell-and-tube heat mass

exchanger. Through numerical modelling and experimental tests they

found that the COP of the system can reach about 0.75 and electric COP

(COPe) can achieve 36.13, which means electrical energy consumption

is much less due to solar energy reclamation Table 6.

5.2. Hybrid liquid desiccant and vapour compression systems

As the most mature and advanced technology, vapour compression

(VC) system still dominate the air conditioning market world widely.

From thermodynamic point of view, further sub-cooling of the liquid

refrigerant leaving the condenser can greatly improve the cooling ca-

pacity and COP of VC system. Recent research have been concentrated

on using ejector [133] or absorption system [134] to act as sub-cooler

for VC system. The combination of LDCS with VC system could also

provide sub-cooling effect from the condenser outlet to the compressor

inlet, thus leading to improved system performance.

Yadav [135] conducted a parametric study on the thermal dynamic

analysis of hybrid VC and liquid desiccant cycle, with the liquid desic-

cant (LiCl) circulating between the condenser and the evaporator. With

incoming air temperature of 35 °C and RH=40%, solution concentration

ratio of 55–59.5%, the simulation results demonstrated that energy sav-

ing of 80% could be achieved at 90% of latent load in proposed system.

A thermodynamic analysis of hybrid liquid desiccant and VC

system(as shown in Fig. 13) was performed by She et al. [136]. The

variations of ambient temperature and RH, the condenser temper-

ature, and liquid desiccant concentration ratio on the system COP
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Fig. 12. Schematic of a solar energy driven hollow fiber membrane-based desalination system.

Fig. 13. The schematic diagram of hybrid VC and liquid desiccant system [136].
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Fig. 14. The schematic diagram of vapour compression system combined with

liquid desiccant dehumidifier [139].

and sub-cooling degree were parametrically investigated. The results

indicated that great improvement of COP could be achieved for the

proposed system, with maximum COPs about 18.8% higher than that

of conventional VC system.

Khalil [137] experimentally investigated a hybrid liquid desiccant

and VC system with total cooling capacity up to 6.2 kW. The variations

of regeneration temperature, condenser and evaporator temperature

on the system COP and specific moisture recovery were analysed under

different liquid desiccant flow rates. The authors concluded that the

COP of proposed system was 68% higher than that of conventional VC

system, with further 53% more annual energy saving. Based on the

similar testing rig, Bassuoni [138] has applied CaCl2 as the desiccant

for the experimental testing. The results showed that about 54% COP

improvement was achieved.

Different from the few applications above, Mohan et al. [139] pro-

posed a hybrid system where the liquid desiccant was used for the

dehumidification of the supply air. As shown in Fig. 14, liquid desiccant

was circulated from the evaporator to the condenser with very low flow

rate to further satisfy low humidity requirement. The effects of various

solution/air flow ratio, inlet air temperature and RH on the changes in

specific humidity and temperature in the absorber were parametrically

analysed. The results indicated that higher specific humidity and lower

temperature of inlet air would lead to better dehumidification.

A solar driven hybrid liquid desiccant and VC system was proposed

by Li et al. [140] for the application of Hong Kong climatic condition

using EnergyPlus. With the design cooling capacity of 19 kW, the annual

energy saving and the monthly power consumption for the proposed

system was compared with that of the conventional VC system. The

results showed that an annual operation energy saving of 6760 kWh

and a payback period of 7 years. An economic analysis for a similar

hybrid system based on the climatic conditions of three cities in Italy

was conducted by Capozzoli et al. [141].

With the aim to reduce the cooling capacity loss of the evaporator,

an auxiliary regenerator was implemented by Li et al. [142] in the

hybrid system. The effects of the concentration ratio on the system

performance were analysed parametrically. The simulation results were

compared with experimental data. The results demonstrated that the

cooling capacity reduced by 37% as the concentration ratio of the

solution reduced by 0.5%.

A hybrid desiccant dehumidification, evaporative cooling (EC) and

vapour compression system(VC) was reported by Dai et al. [143].

The innovations of this system lied in the fact that an evaporative

cooler was set with the aim to both capture the liquid droplets from

the dehumidifier and provide cooling effect whenever necessary. The

simulation was conducted and the system performances were compared

under the inlet air temperature of 26.7 °C and RH of 50% respectively.

The simulation results revealed that the COP of the VCS, VCS and
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Table 7

Operating conditions and system performances of various hybrid VC and liquid desiccant dehumidification system.

Reference Ambient air

temperature

(°C)

Ambient air

RH/humidity ratio

Desiccant

solution

Desiccant

concentration

ratio

Evaporator

Temperature

(°C)

Condenser

temperature

Specific

moisture

recovery (kg/kg)

Conclusions

Yadav [135] 35 40% LiCl 55–59.5% 17 NA NA Energy saving of 80% could be

achieved at 90% of latent load

She et al. [136] 35 30–60% LiCl 33% 5 45–52.5 NA COP: 5.58–6.19

Khalil [137] 20–30 35–45% LiCl NA 8–16 36–49 0.02–0.032 COP: 2- 3.8

Bassuoni [138] 41–42 46–48% CaCl2 NA 8–21 37–52 0.02–0.036 COP: 1.8–3.6

Mohan et al.

[139]

30–50 0.015–0.03 kg/kg NA 45% NA NA NA Higher specific humidity and

lower temperature of inlet air

will lead to better

dehumidification.

Li et al. [142] 35–45 NA LiCl 26% NA 50.6 NA The cooling capacity reduced by

37% as the concentration ratio

of the solution reduced by 0.5%.

desiccant and VCS, desiccant and EV system were respectively of 0.512,

0.725 and 0.801, which indicated that the hybrid system outperformed

the conventional VC system by 56%.

A group of researchers from Germany [144,145] studied four differ-

ent system configurations for a hybrid liquid desiccant air conditioning

system combined with VC system. The differences of the four systems

lied in the fact whether inside the hybrid system, the condenser and

regenerator, and the evaporator and the absorber were combined into

one unit or not. The simulation indicated that the electric power saving

could be around 30% for the system where VCS and liquid desiccant

worked separately from each other Table 7.

5.3. Liquid desiccant cooling system with evaporative cooling

Similar to VC system, evaporative cooling system can also be com-

bined with liquid desiccant cooling system to achieve cooling effect.

Cui et al. [146] proposed a compact heat and mass exchanger which

enabled the dehumidification and cooling simultaneously. As shown in

Fig. 14, the incoming air was first dehumidified with reduced RH which

embraced higher cooling potential. It was then pre-cooled afterwards

in the evaporative cooling channel. Parametric analysis was carried out

to investigate the working-to-intake air flow rate ratio, liquid desiccant

film length and the inlet conditions on the system performance. The

simulation results were validated against experimental tests. The

detailed testing conditions were summarized in Table 8.

A two stage desiccant enhanced indirect evaporative cooler was

investigated by Woods and Kozubal [147]. As shown in Fig. 15, the

system is comprised of a liquid desiccant dehumidifier in the first

stage and the indirect evaporative cooler in the second stage. The

numerical model was developed individually for each stage. The effects

of various inlet air conditions, supply/return air ratio and the desiccant

solution concentration ratio on the moisture removal rate were studied

parametrically. Experimental investigations were conducted to validate

the simulation results.

A Similar system which was powered by solar energy have been

presented by Kim et al. [148]. The overall system cooling performance

under the variations of solar collector areas, solar radiations, solution

temperatures was investigated numerically using TRNSYS 16. The

simulation results showed that 51% of energy saving could be achieved

by the proposed system compared with conventional ventilation air

conditioning system.

Different from other researches, Heidarinejad and Pasdarshahri

[149] have considered the ventilation model of the desiccant enhanced

evaporative cooling system for building application. The effects of

various inlet air conditions on the system performance under the

climatic conditions of the five cities in Iran for both ventilation mode

and makeup mode were simulated. The simulation results indicated

that the COP of the ventilation mode was lower than Makeup mode at

higher outdoor air temperature and humidity Fig. 16.

Fig. 15. Schematic of the liquid desiccant-evaporative HMX. (a) One-unit chan-

nel pair (b) Plan view [146].

5.4. Hybrid liquid desiccant and heat pump systems

Hybrid liquid desiccant and heat pump system has been investigated

by researchers with the advantage to utilize the heat released from

the condenser of the heat pump system for the purpose of solution

regeneration in the liquid desiccant cycle. For very high humidity

conditions, the amount of heat from the condenser might not meets the

demand for desiccant solution regeneration. Therefore, two condensers

for the heat pump system are proposed to improve the heat capacity.

A heat pump combined desiccant dehumidifier was presented by Laz-

zarin and Castellotti [151] for the application of dehumidifying, heating

and cooling in supermarket. Numerical modelling was conducted to

simulate the typical Italian supermarket condition, and comparisons
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Fig. 16. Schematic diagram of desiccant-enhanced evaporative cooler [147].

were made for the energy saving between the proposed system and

the conventional mechanical compression system. The results indicated

that the energy saving of the proposed system could be up to 26–63%

for a typical summer day compared with conventional systems.

In order to achieve dynamic capacity matching of the condensers

under real vibrating operation conditions, Niu et al. [152] proposed

numerical investigations on the hybrid liquid desiccant and heat pump

system. Double condensers were used in the system (as shown in Fig. 17)

for the aim to improve the regeneration capacity. Critical operational

parameters including solution flow rate, compressor revolution rate and

air flow rate in the condenser were investigated on the capacity match-

ing properties. The simulation showed that COP in the range of 0.3–1.3

could be achieved under the ambient temperature around 25–34 °C.

Hybrid liquid desiccant and heat pump system could be recognized

as a temperature and humidity independent control system (THIC),

which has the advantages of controlling the indoor temperature and

humidity separately, and can also be driven by low grade energy. Zhao

et al. [153] conducted a field trial of THIC in an office building in Shen-

zhen, China. With the inlet temperature of 15.8 °C and RH=34.6%, the

cooling capacity could reach up to 82.6 kW, and COP of the dehumidifi-

cation mode was around 4.0–4.2. A similar THIC system which incorpo-

rated two condenser into the heat pump system was proposed by Chen

et al. [154]. The simulation model was validated with experimental re-

sults under the climatic condition in Nanjing, China. The results indi-

cated that the COP of the proposed system was 13.6–116.1% more than

that of the conventional system at different cooling load requirement.

Another application is to utilize the dehumidification effect of

liquid desiccant to avoid frost accumulation on the evaporator in the

heat pump cycle. With the help of the dehumidification created by

liquid desiccant, the humidity of the incoming air can be reduced

significantly, and therefore, the previously accumulated frost can

be avoided, which leads to better heat transfer and higher cooling

capacity. Zhang et al. [155,156] presented a frost-free air source heat

pump, as shown in Fig. 18. Based on the dry-bulb temperature of −7 to

5.5 °C, and RH=80%, the results indicated that a COP of 2.6–2.9 could

be achieved, which was 30–40% higher than the heat pump integrated

with electric heater system.
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Fig. 17. Schematic diagram of hybrid liquid desiccant heat pump system [152].

Fig. 18. Schematic diagram of frost-free air-source heat pump system

[155,156].

Gasparella et al. [157] proposed a hybrid ground source heat pump

and desiccant dehumidification system using LiBr as the solution.

The ground source heat pump was designed to provide heat source

which could drive the liquid desiccant dehumidification system during

the summer time. Simulation was carried out using TRNSYS based

on the northern Italy climatic condition. The results revealed that

around 20.9% and 42.5% of primary energy saving could be achieved

respectively in winter and summer seasons for the proposed system,

with payback period of 7.8.

Shen et al. [158] reported a hybrid heat pump and liquid desiccant

dehumidifier. The heat pump acted as the heat exchanger which was

partitioned into two sections: evaporator and condenser. The heat pump

recovered the waste energy in exhausted regenerating air to preheat

the incoming ambient air. Simulation results were compared with

experimental data, which showed 5% discrepancy. The experimental

obtained heat recovery rate was in the range of 1–5 kW Table 9.

5.5. Hybrid liquid desiccant and CHP system

Combined cooling, heating and power generation (CHP) has at-

tracted great attentions among researchers due to its advantages of

providing cooling, heat and power generation simultaneously in one

unit. However, the efficiency of CHP system tends to decrease dramati-

cally in hot and humid climatic condition where the cooling demand is

superior to heating requirement [159]. Hence, recently, a number of re-

searches have been concentrated on the integrating the liquid desiccant

cooling system with the CHP system to provide better cooling effect.

Jradi and Riffat [159] reported experimental investigations into an

innovative CHP system (as shown in Fig. 19) with organic Rankine cycle

heat and power unit and an additional cooling device. The cooling de-

vice consists of a liquid desiccant dehumidification unit and a dew point

cooler. KCOOH with the concentration ratio of 74% was employed in

the hybrid system. At the dehumidifier side, with inlet air temperature

fixed at 30 °C and the RH in the range of 80–90%, the dehumidifier out-

let air temperature was around 25 °C with RH between 55% and 60%.

The experimental results showed that the dehumidifier-cooler thermal

COP was 0.86 and the overall efficiency of the CHP system was 84.4%.
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Table 9

Operating conditions and system performances of various hybrid liquid desiccant and heat pump system.

Reference Analysis methods Ambient air

temperature (°C)

Ambient air

RH/humidity ratio

Desiccant

solution

Special features Conclusions

Lazzarin and

Castellotti [151]

Simulation 22–38 0.008–0.016 kg/kg LiCl Primary+ Secondary

condenser

Energy saving of the proposed

system could be up to

26–63% for a typical

summer day compared with

conventional systems

Niu et al. [152] Simulation 25–34 63% LiCl Solution cooled

condenser+Air cooled

condenser

COP: 0.3–1.3

Heat rejected by the air

cooled condenser can be

utilized for heat

regeneration purpose.

Zhao et al. [153] Field trial 23–28 0.0095–0.0135 kg/kg LiCl One condenser cooling capacity could reach

up to 82.6 kW; COP: 4–4.2

Chen et al. [154]. Simulation+ Experiment 18–32 0.005–0.0112 kg/kg LiCl Solution cooled

condenser+Air cooled

condenser

COP was 13.6–116.1% more

than that of the

conventional system at

different cooling load

requirement

Zhang et al.

[155,156]

Simulation+ Experiment –7–5.5 0.0017–0.0041 LiCl One condenser COP of 2.6–2.9 could be

achieved, which was 30–40%

higher than the heat pump

integrated with electric

heater system

Chen et al. [33] Simulation+ Experiment 24–31 0.0014–0.002 LiCl Low temperature and low

concentration desiccant

solution

COP of 4.0 and sensible

dehumidification

effectiveness between 0.65

and 0.7 could be achieved.

Fig. 19. Schematic diagram of hybrid system [159].
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Fig. 20. Schematic diagram of the experimental test facility for the cross-flow membrane contactors [60].

Fig. 21. (a) Air and solution flow configuration and (b) a cross-section view of the small-scale single-panel LAMEE [164].

A hybrid CHP system inside which a gas fired internal combustion

engine (ICE) was coupled with a liquid desiccant system was proposed

by Badami and Portoraro [160,161]. The energetic and economic

analyses were conducted to the desiccant unit with dimensions of

2.24×1.42×1.57 m using LiCl as the solution. With the outdoor air

temperature and RH respectively at 28.8 °C and 68%, the air after

the dehumidification process reached temperature of 19 °C and RH of

90%. The results indicated an electrical power output of 126 kW and

thermal power output of 220 kW and the cooling capacity of 168 kW

with payback period between 6.8 and 7.6 years.

Fu et al. [162] conducted experimental research on hybrid CHP

system with 70 kW natural gas fuelled ICE with a liquid desiccant
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Fig. 22. Schematic view of the novel compressed air drying method based on liquid desiccant [177].

system and a double-effect absorption system. The overall heating,

cooling and power generation capacity were reported in this paper.

The results demonstrated that around 113 kW cooling capacity could

be achieved by the liquid desiccant cooling system, and the maximum

efficiency of the overall system could be 91% and 85% respectively for

winter and summer conditions.

5.6. Hybrid liquid desiccant with membrane contactor

In conventional LDCS, the process air gets direct contact with the

liquid desiccant, which leads to liquid droplets carryover. The corrosive

features of these desiccants limit the applications of such system to

industrial sector. In order to overcome this barrier, hydrophobic mem-

brane contactor is utilized in LDCS as the mass exchanger to separate

the air and solution.

Bergero and Chiari [99] presented a simulation of a liquid desiccant

and membrane contractor air conditioning system. The performance

of proposed system was compared with a traditional direct expansion

AC system. The effects of the air/solution ratio and the membrane

regenerator dimension on the compressor performance and the energy

consumption were analysed. The authors concluded that the energy

consumption could be reduced by up to 50% compared with traditional

direct expansion AC system.

Das and Jain [60,163] conducted experimental analysis on cross-

flow membrane contactors made from various polypropylene (PP)

with different pore sizes (0. 1 μm and 0.064 μm respectively). The

experimental setup was shown in Fig. 20. With the vapour flux ranging

between 726–1295 g/m2h, the dehumidification effectiveness was

in the range of 23%−45%. Additional resistance created by the PP

membrane, together with the costs and availability of the desired pore

size, PP material seemed to be the technical barrier for the practical

application of this membrane contactor system.

A group of researchers [73,164–167] from Canada proposed a small-

scale single-panel liquid to air membrane energy exchanger (LAMEE)

as shown in Fig. 21. The experimental testing results were validated

with simulation data using effectiveness-NTU methods, taking into

account of the variations of heat capacity between incoming air and

the desiccant solution, under inlet air temperature between 15–50 °C

and the humidity ratio in the range of 1–28 g/kg. The experimental

results showed about 5% discrepancy compared with the simulation

data, with the sensible and latent effectiveness in the range of 75–120%

and 70–90% respectively.

Over the past decade, Zhang and his colleagues have carried out

extensive researches on the membrane-based liquid desiccant air

dehumidification system [168]. Most of their works have been focused

on the establishment of theoretical models and the validations against

experimental results, with membrane contactors mostly in cross flow

pattern [89,96,169,170]. A free surface model [170–172] was adopted

in order to simulate the desiccant solution flow and the heat mass

transfer in the membrane contactor. The authors recently focused on

the integration of liquid desiccant based membrane contactor with heat

pump systems [173,174], with heat recovery systems [175,176], and

internally cooled dehumidifier [89].

Moghaddam et al. [167] investigated a methodology for scaling up

a small-scale membrane contactor to a full-scale one by applying 𝜀-NUT

method. The sensible and latent effectiveness obtained for small scale

model were respectively 82–88% and 85–90%, which were around 5%

higher than these obtained from large scale model.

5.7. Other applications

Instead of using atmospheric air, compressed air can also be applied

in liquid desiccant dehumidification system [177]. With the advantages

of great pressure difference between the desiccant solution and the

processing air, the proposed system could result in lower humidity

ratios. As shown in Fig. 22, the experimental testing rig consisted of

a counter-flow pressurized dehumidifier, a regenerator, a LiCl storage

tank and an air compressor. The experimental results indicated that

the moisture removal rate can reach up to 1.4 g/kg with air pressure of

0.3 MPa and 1.0 g/kg for air pressure of 0.4 MPa, with dehumidification

efficiency around 0.9.

In order to improve the heat and mass transfer of liquid desiccant

dehumidification system, Qi et al. [178] proposed to use a titanium

dioxide super hydrophilic self-cleaning coating materials on the de-

humidifier surface. Three commonly used materials, SUS304, SUS316

and SUS410 were selected as the coating materials. The experimental

results showed that the heat exchange rate and moisture removal rate

between the air and the desiccant could be increased by 1.2 and 2 times

by applying this technology. This suggested that titanium coating could

significantly improve the mass transfer performance.

Similarly, ultrasonic atomization techniques have been combined

with liquid desiccant dehumidification system to improve the system

performance. With the help of ultrasonic atomization technology, the

desiccant solution can be atomized into tiny droplets with diameter

about 50 μm. Using LiCl as the solution, Yang et al. [179,180] con-

ducted experiments when the inlet air temperature and RH are in the

range of 25–38 °C and 26–38% respectively. The moisture removal

rate of 0.15–0.25 g/s and dehumidification effectiveness of 50% to

70% were reported from experimental and numerical simulations. The

authors also concluded that by applying this technology, the desiccant

consumption rate was reduced by 73.9% compared with conventional

dehumidification system.
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With the aim to reduce the regeneration temperature, an absorption

based liquid desiccant regeneration system was studied by Yon et al.

[181] experimentally under vacuum condition. The regeneration

temperature of proposed system could be reduced to 20–35 °C with

the operating vacuum pressure between 1000 Pa and 2000 Pa with

LiBr concentration ratio of 35%. The authors concluded that by using

this system, 40.6% electricity could be saved compared with other

conventional regenerators Table 10.

6. Conclusions

Recent decades have seen a great number of researches conducted

in the area of liquid desiccant dehumidification and its integration

with other systems. This paper reviews the recent research progress

and development in liquid desiccant dehumidification system. The

merits and drawbacks of the widely used liquid desiccant materials are

compared and discussed in details. The various configurations of the

dehumidifier and its dehumidification performance have been summa-

rized and reported. Recent experimental and theoretical investigations

of hybrid desiccant dehumidification system including its integration

with vapour compression system, evaporative cooling system, heat

pump system and other innovative systems are grouped and presented.

The following conclusions have been drawn:

• Single salts including LiCl, LiBr and CaCl2 have been selected as the

desiccants for the dehumidification process. In recent decade, 85%

of the published researches have applied LiCl as the solution for

the reason that LiCl offers the better dehumidification effectiveness

compared with other salts. LiBr and CaCl2 are less expensive but

with the disadvantages of being less stable and poorer dehumidifi-

cation performance. As a less corrosive and more environmentally

friendly solution, potassium formate (KCOOH) solution has emerged

as another candidate for dehumidification system. However, nu-

merical and experimental research work on KCOOH solution is very

limited. With the aim to improve the dehumidification characteris-

tics, mixed solvents desiccants have become popular choices in the

fields. It is necessary that numerical analysis as well as experimental

work using KCOOH and mixed solvents should be enhanced.

• As the most crucial element in the dehumidification system, var-

ious types of dehumidifiers have been investigated based on the

flow patterns (parallel flow, counter flow and cross flow) and

the presence/absence of an internal cooling device (adiabatic

and internal-cooled). A lot of research has concentrated on the

numerical and experimental investigations and comparisons of

these various types of dehumidifiers in terms of dehumidification

efficiency and moisture removal rate. Among these, the internally

cooled dehumidifier with cross flow is the most widely studied

and has been proved to offer a better dehumidification effect.

Future works are recommended to investigate more efficient and

innovative configurations (fin coil, packed tower and parallel plate,

etc.) to further improve the heat and mass transfer between the

processing air and the solution inside the dehumidifier.

• For simulation-based analysis, the selection of the proper heat and

mass transfer model plays an important role in the accurate pred-

ication of the dehumidification performance. Two models namely

the finite difference model and the 𝜀 -NTU model are the most

widely applied methods for the simulation of the liquid desiccant

dehumidification process. For some unknown inlet conditions,

finite difference model requires iterative calculation which is time

consuming for computer simulation process. Therefore, a large

number of simplified models based on 𝜀 -NTU method and response

surface methodology have been utilized for the dehumidification

performance analysis. Although the numerical simulations based on

these two models were claimed to be accurate, very few of them

were experimentally verified. More work is needed to investigate

the applicability and accuracy of these models.
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• The integrations of liquid desiccant dehumidification system with

other systems such as solar collector, vapour compression system,

heat pump system, CHP system have received great attention in

past decades. The remarkable improvements in the overall system

performance of the combined liquid desiccant and other types of

systems (VC, heat pump and CHP system) have been reported by

many research groups. However, most of these investigations are

limited to theoretical analysis, with few experimental validations

available. Solar driven liquid desiccant dehumidification system

offers a great opportunity for the dilute desiccant solution to be

regenerated by solar energy. However, the intermittent feature of

solar radiation poses potential barrier to its real and sustainable

application. It would be necessary to investigate further appropriate

energy storage systems which could be combined with solar driven

liquid desiccant system to improve the system stability.
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