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Summary
The aim of this work is to investigate a novel integrated cooling, heating, and
power (CCHP) system with biomass gasification, solid oxide fuel cells (SOFC),
micro-gas turbine, and absorption chiller. The performance of this system is analyzed by mathematical models consisting of lumped models of SOFC and
absorption chiller and one-dimensional model of a downdraft biomass gasifier.
Effects of main operating parameters such as moisture content of biomass, air
flow rate in the gasifier, and temperature of fuel gas on the overall energy and
exergy performance of CCHP system are evaluated. The net present value (NPV)
method is used to analyze the economic prospects of this system. The results
show that higher flow rate of air for the gasifier with lower moisture content of
biomass are beneficial for the improvement of the output of cooling, heating,
and power of CCHP, and, accordingly, the electrical efficiency as well as overall
energy and exergy efficiency of CCHP rises. Increasing mass flow rate of air for
the gasifier can increase exergy efficiency by 10%. Moisture content less than 0.2
could result in exergy efficiency greater than 45% and CCHP efficiency over 65%.
The decrease of the exhaust gas temperature further boosts the production of
cooling and heating of the CCHP system. Specifically, a 10% improvement of
overall efficiency of CCHP is obtained when the exhaust gas temperature is
reduced to 90 C. In this work, an electrical efficiency over 50%, exergy efficiency
more than 40%, and CCHP efficiency up to 80% can be achieved. Economic
assessment shows that the initial investment of SOFC is above 50%-60% of the
total investment of the CCHP and the payback period is about 7-8 years.
KEYWORDS

absorption refrigeration, biomass gasification, combined cooling heating and power, solid
oxide fuel cell

1 | INTRODUCTION
To meet the world's rising demand for energy supply and
to reduce emissions of greenhouse gas (GHG) and air

pollution, more efficient and sustainable energy systems
are necessary.1 Combined cooling, heating, and power
(CCHP) system is one of the effective ways to reduce the
energy consumption and also the GHG emission and
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brings about economic benefits. It has already been
explored in a wide range of buildings such as farms, distributed neighborhood, universities, airports, hospitals,
and supermarkets worldwide.2 Meanwhile, a CCHP,
known as trigeneration, offers an energy supply way with
the flexibility to combine renewable energy and energy
conversion and storage technologies.3
CCHP composed of trigeneration equipment and
renewable energy sources has been widely investigated
recently. Some of these distributed CCHP systems show
high thermal efficiency appromixately 70%-80% compared with conventional energy system such as the large
centralized power plant.4 Among the renewable energy
resources, biomass is one of the most promising options
for CCHP. Different CCHP systems based on integrating
biomass conversion and utilization with power and
refrigeration cycles have been proposed and
investigated.
Several studies have summarized the technological
characteristics of biomass-based CCHP system in recent
years.5 These studies focused on the biomass conversion
methods to fuel CHP/CCHP systems.6 The main conversion methods include combustion, gasification, pyrolysis,
biochemical, and chemical processes.7 Compared with
combustion processes, gasification could process lowergrade fuels and extend the range of fuels, and it is more
efficient in terms of producing electric power and heat.8
For the biomass gasification CCHP systems, a downdraft
gasifier seems to be more practical for gasification than
the updraft gasifier due to the higher quality of syngas
and also more cost-effective than the fluidized bed gasifier due to lower maintenance cost.9
As for secondary conversion technologies, the working fluid can be steam, combustional gas, or other gaseous fluids. Accordingly steam turbine, organic Rankine
cycle (ORC), internal combustion engine (ICE), micro
gas turbine (MGT), and fuel cells could be used as a
prime mover to meet the target temperatures and power
quality. Due to lower initial investment costs and
advanced technological developments, ICEs have been
applied for small-scale CCHP from 30 kW up to
1000 kW. Yang et al10 proposed a trigeneration system
integrated with biomass-air gasification, ICE, and absorption chiller and carried out the energy and exergy analysis and discussed the economic performance in a biomass
trigeneration system. Destruction analyses of energy and
exergy indicate that the largest destruction occurs in the
gasification system, which accounts for more than 60% of
the total energy and exergy losses. The power system
studied by Maneerung et al11 which integrated the downdraft gasifier with ICE shows that the system could
achieve an energy efficiency about 32%, whereas the
exergy efficiency is 15.6%.
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However, the electrical efficiency of CCHP using ICE
as a prime mover with 40-100 kW or less than 40 kW
nominal power is about 21%-25% which is a bit lower
than that based on other prime movers such as gas turbines.5 Meanwhile, in terms of syngas usage, ICEs are liable to be damaged by lower-quality gases, thus more
sophisticated cleaning systems have to be introduced.
Micro-gas turbine is another attractive technology for
CCHP, ranging from a few kW to several hundreds of
kW. They are light in weight and more compact and produce lower noise, vibration, and emission compared with
a combustion engine. Numerous research studies have
been done to adopt a micro GT as a prime mover in
CCHP systems.12 In the work of Taheri et al,13 a biomass
trigeneration energy system consisting of a combination
of biomass gasifier-gas turbine cycle, a Rankine cycle, an
absorption chiller, and a proton-exchange membrane fuel
cell (PEMFC) is presented for the investigation of power,
cooling, and hydrogen production. Thermodynamic performance and total cost rate are studied for the overall
system. Their results show that the fuel mass flow rate is
the main factor affecting the energy efficiency and total
cost rate, and the energy efficiency can reach up to 40%.
Yannay et al analyzed the exergo environmental aspects
of integrated gasification combined cycle (IGCC) fueled
with a municipal solid wastes including a gasifier, gas
turbine, and steam turbine. They emphasized that the
gasifier is the main factor for improving the overall performance and to reduce the total environmental impact
by increasing its exergetic efficiency and reducing the
pollutants formation. Zang et al15 carried out a comparative study of biomass-integrated gasification combined
cycle (BIGCC) power systems related to the latest
improvements for biomass gasification agents, gas turbine combustion methods, and CO2 capture and storage
options. Through exergy analysis using Aspen Plus, their
study shows that the energy efficiency is between 27%
and 39% with the exergy efficiency ranging from 22.3% to
37.1%. Their studies found that GTs offer advantages over
a reciprocating engine including higher flexibility and
efficiency, with lower emissions and electricity costs.
However, micro-gas turbines may suffer great efficiency losses in case of partial load of operation; therefore, sometimes, they are inconvenient for a small-scale
distributed CCHP system.16 Compared with trigeneration
system based on heat engines mentioned above, those
with fuel cells as a prime mover have merits such as
higher efficiency, higher power-to-heat ratio, quitter
operation, simple maintenance requirements, lower
exhaust emission, and efficient part-load performance.17
Rokni18 presented a trigeneration system which was able
to produce power, heat, and cool simultaneously at all
times based on municipal waste gasification integrated
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with SOFC and absorption chiller. The energy efficiency
of such small trigeneration system is above 83% and electrical efficiency over 35%. Jia et al19 investigated an integrated system with a biomass gasifier and SOFC by
energy and exergy analyses. A performance comparison
with different gasification agents is studied by thermodynamic analysis. For the case where steam as the gasification agent was used, the net electrical efficiency was
about 40%. The exergy of combined heat and power efficiency was above 36%, higher than those when air or
oxygen-enriched air is used as gasification agent. Other
studies also show that the electric efficiency of CCHP
based on SOFC can reach 35%-45%,20 larger than that of
32% as in the case of heat-engine-based CHP.11
The SOFC exhaust still has a high temperature, and it
can be integrated with a micro-gas turbine to produce
additional electricity, which could improve the electrical
efficiency of CCHP. Mehdi et al21 studied an autothermal
biomass gasification, SOFC and MGT CHP system. The
effects of operating parameters on the electrical and CHP
efficiency are calculated. The maximum electric efficiency in their study is 42%. Ghaffarpour et al22 proposed
a system consisting of a gasifier, SOFC, GT, and Rankine
cycles. The effects of operating parameters on the thermodynamic and economic performance are investigated.
Jia et al also studied a CHP system of biomass gasification with SOFC and micro-gas turbine by thermodynamic model. Electrical and combined heat and power
efficiencies increase with decline of moisture content and
rising of equivalence ratio; the electrical efficiency of
their system could reach over 45% and get a level of up to
56%. Bang et al24 have reported that BG, SOFC, and MGT
hybrid system could obtain an electric efficiency of 58.2%.
The cooling units in CCHP recovering the low-grade
waste heat of exhaust gas from prime mover such as
micro GT can improve the whole energy efficiency of

TABLE 1

power system and lead to higher profitability.25 Compared with vapor-compression systems, liquid instead of
vapor is compressed in absorption refrigeration
(AR) systems. Accordingly, absorption refrigeration systems have the advantage of relatively small work input
than vapor-compression systems and often neglected in
the thermodynamic analysis. The AR systems are often
classified as heat-driven systems26 since they are based
on heat transfer from an external source. The most
widely used two absorption refrigeration systems are the
water–ammonia system, where ammonia (NH3) serves as
the refrigerant and water (H2O) as the transport medium.
While for lithium bromide–water (LiBr–H2O) refrigeration systems, water serves as the refrigerant.27 To
improve its design and operation and economical profit28
is necessary because the main drawbacks of AR systems
compared with compression refrigeration systems are
lower efficiency and higher costs.
Due to the diversity of prime movers and the difference of heat recovery units, there are wide varieties of
CCHP. According to the best of authors' knowledge,
energetic, exergetic, and economic analyses of a biomassbased CCHP system comprising of a downdraft gasifier,
SOFC, micro GT, and absorber refrigerator is rare.
Table 1 gives the comparison of this CCHP with some
other CCHP systems. It shows that comprehensive performance assessment of the specific CCHP system in this
work has not been conducted adequately and need to be
studied in detailed.
The main objects and novelties of this work are
listed as
• A novel CCHP system composed of a downdraft gasifier, SOFC, micro GT, a single-effect LiBr–H2O
absorption chiller, and hot water heat exchanger is
proposed.

Comparison of the proposed CCHP with other CCHP systems
Main Components of
System

Fuel

Gasifier Model

Exergy
Analysis

Economic
Analysis

21

SOFC + GT + HSRG

Biomass gas

Lumped equilibrium
model

No

No

22

SOFC + GT + ST + HSRG

Biomass gas

Lumped equilibrium
model

No

Yes

29

ICE + ARS

Biomass gas

Lumped equilibrium
model

Yes

No

30

SOFC + HRU + ARS

H2

-

Yes

Yes

31

SOFC + GT + WH

CH4

-

Yes

No

32

SOFC + GT + ORC

Biomass gas

Lumped equilibrium
model

Yes

Yes

This work

SOFC + GT + ARS + HRU

Biomass gas

1-D kinetic model

Yes

Yes

References
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• One-dimensional kinetic model considering both
chemical reaction rate and length of reduction zone to
overcome the limitations of the lumped equilibrium
model of gasifier.
• The overall performance of CCHP is investigated by
energetic and exergy analysis, and the net present
value (NPV) method is used to assess the economic
potential e of this CCHP.

The ultimate analysis of biomass is shown in Table 2.
The mass balance of drying process is shown as:
CHa Ob Nc þ wH2 OðlÞ ¼ CHa Ob Nc þ wl H2 OðlÞ þ wv H2 OðvÞ :
ð1Þ
where a = 1.54, b = 0.6255, and c = 0.0047 based on
Table 2.
The moisture content (MC) is expressed as

2 | MATHEMATICAL MODELS
The configuration in this work is shown in Figure 1,
which is composed of a dryer, gasifier, gas cleaning unit
to yield syngas, fuel cell, and micro-gas turbine as a
prime mover to produce power, and a single effective
LiBr–H2O absorption chiller to make cooling. A hot
water heat exchanger as a heat recovery unit (HRU) is
employed to generate domestic hot water.

2.1 | Drying
The initial moisture content of biomass and is set as 40%
in this work and is decreased by 5%-25% after leaving
dryer.

MC ¼

Masswater
18w
:
¼
Masstotal 12 þ a þ 16b þ 14c þ 18w

ð2Þ

Therefore, the heating for wet biomass drying is calculated by
Qdry ¼ 2445055

_ biomass,dry ðMC1  MC2 Þ
m
ð1  MC1 Þð1  MC2 Þ

ð3Þ

since at 25 C, the enthalpy of water evaporation for water
is 2445.055 kJ kg1 MC1 = 0.4 is the initial moisture content and MC2 is the moisture content before entering gasifier varying from 0.15 to 0.35 in this work.

2.2 | Gasifier
Exhaust
15
1
Wet biomass

Dryer

Gas cleaner
4
3

2

Anode

5

Cathode

9

Combustor
8

Gasifier

11
Compressor-2

20
Compressor-1
Air

12

6

7

19
Generator

18
14

10

Gas turbine

27

24
SHE
25
22

17

Absorber

16 Water

28

ð4Þ

29

26

21

Pump

CHa Ob Nc þ wl H2 OðlÞ þ mðO2 þ 3:76N2 Þ
¼ x 1 H2 þ x 2 CO þ x 3 CO2 þ x 4 H2 O þ x 5 CH4 þ x 6 N2 þ x 7 C:

Condenser

23

13
HRU

Air

30

Evaporator

F I G U R E 1 Integrated CCHP system with biomass gasifier,
SOFCs, micro GT, AR, and HRU [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2

The dimensions of downdraft gasifier in this study are
same as that shown in literature of Jayah et al34 This
downdraft gasifier is divided into two parts: pyrolysis–
oxidation and reduction zone.
The global process in the pyrolysis–oxidation zone
can be expressed as

The carbon reaction and shift reaction in the
pyrolysis–oxidant zone are
R1 : C þ 2H2 $ CH4 ,

Ultimate analysis of biomass33

Ultimate Analysis (On Dry
Basis)

Heating Value
(MJ kg1)

Enthalpy of Formation
(kJ mol1)

Fuel

C

H

O

N

Ash

Fixed
Carbon

Volatile
Matter

HHV

0
h
f

Wood

50.6

6.5

42.2

0.28

0.7

19.2

80.1

21.0

119.28

ð5Þ
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R2 : CO þ H2 O $ H2 þ CO2 :

ð6Þ

r R4 ¼ CRF AR4 exp




y y
E R4
yH2 O  H2 CO ,
Rm T
K R4

The heat balance equation can be written as


r R5 ¼ CRF AR5 exp

HCHa Ob Nc þ wHH2 O þ mHO2 þ 3:76mHN2
¼ x 1 HH2 þ x 2 HCO þ x 3 HCO2 þ x 4 HH2 O
ð7Þ
þx 5 HCH4 þ x 6 HN2 þ x 7 HC þ mash Cp,ash ðT  T 0 Þ:
The carbon reactions and steam reforming reaction in
the reduction zone are
R3 : C þ CO2 $ 2CO,

ð8aÞ

R4 : C þ H2 O $ CO þ H2 ,

ð8bÞ

R5 : C þ 2H2 $ CH4 ,

ð8cÞ

R6 : CH4 þ H2 O $ 3H2 þ CO:

ð8dÞ



E R5
Rm T

E R6
r R6 ¼ C RF AR6 exp
Rm T


y2H2 


yCH4
,
K R5



yCO y3H2
yH2 O yCH4 
,
K R6

ð17bÞ

ð17cÞ

ð17dÞ

where constants of the parameters can be found in
Reference 36.
The energy conservation on the kth element can be
expressed as
6
X





nk1
H k1
þ n7k1 C p,C T k1  T 0 þ mash Cp,ash T k1  T 0
i
i

i¼1

¼

6
X





nki H ki þ nk7 C p,C T k  T 0 þ mash Cp,ash T k  T 0 :

i¼1

ð18Þ
Mass balance of the species i for the control volume
k along the height of reaction zone can be written as
nki ¼ nik1 þ Rki ΔV k ,

ð9Þ

2.3 | Product gas cleaning

where nki is the molar flow rate (mol s1), ΔVkis volume
of the kth control volume (m3), and the net rate of production of Rki (mol m3 seconds1) is given as,

Post cleanup of product gas is adopted to meet SOFC
operation. For simple calculation, the flowrate of syngas
is constant and temperature is assumed to be reduced by
50 C after leaving the hot gas cleaning unit.

RkH2 ¼ r R4  2r R5 þ 3r R6 ,

ð10Þ

n4 ¼ n3 :

RkCO ¼ 2r R3 þ r R4 þ r R6 ,

ð11Þ

RkCO2 ¼ r R3 ,

ð12Þ

ð19Þ

The energy balance can be calculated as
H4 ¼

6
X
½n4,i  h4,i ðT 3  50Þ:

ð20Þ

i¼1

RkCH4 ¼ r R5  r R6 ,

ð13Þ

RkH2 O ¼ r R4  r R6 ,

ð14Þ

RkC ¼ r R3  r R4  r R5 ,

ð15Þ

RkN2 ¼ 0:

ð16Þ

The volumetric reaction rates of four chemical reactions
have been given as35

r R3 ¼ CRF AR3 exp

E R3
Rm T


yCO2 

y2CO
K R3

2.4 | Solid oxide fuel cell
The lumped model of SOFC has been developed by the
authors in papers.19,37 The input parameters for SOFC
are given in Table 3.
Internal reforming reactions and the electrochemical
reaction occur simultaneously due to the high operating
temperature of SOFC,
CO þ H2 O $ CO2 þ H2 ,


,

ð17aÞ

CH4 þ H2 O $ CO þ 3H2 ,

JIA ET AL.
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Therefore, the output voltage is calculated by

Input data for calculation of SOFC

Parameters

Value

Operating temperature

800 C

Fuel utilization, Uf

0.85

Cathode thickness, δc

50 μm

Electrolyte thickness, δe

150 μm

Anode thickness, δa

50 μm

Cathode resistivity, ρc

0.008114 exp (600/T) (Ω cm)

Electrolyte resistivity, ρe

0.00294 exp (10 350/T) (Ω cm)

Anode resistivity, ρa

0.00298 exp (1392/T) (Ω cm)

Limiting current density, iL

4000 A m2

Pre-exponential factor, γ a

5.5  108 A m2

Pre-exponential factor, γ c

7  10 A m

Eact,a

105 J mol1

Eact,c

1.2  105 J mol1

Current, I

40 A

DC/AC inverter efficiency

98%

V ¼ E 0  ηact,a  ηact,c  ηohm  ηcon ,

ð27Þ

where ηact, ηohm, and ηohm are three kinds of polarizations, respectively.
The open circuit voltage E0 is calculated by the Nernst
equation
ð28Þ

The detailed electrochemical model of SOFC is available in References 38,39.
The energy balance equation is

2

8

 1=2
ΔG0 RT pH2  pO2
þ
ln
:
E0 ¼
2F
pH 2 O
2F

X
X
X
H in
þ
R
ð
ΔH
Þ
¼
W
þ
H out
k
k
SOFC
i
i ,
i

ð29Þ

i

k

where the output electrical power of SOFC is given by
W SOFC ¼ IV :

1
H2 þ O2 $ H2 O:
2

The equilibrium constants of shift and reforming
reactions are,
KR ¼

p3H2 pCO
pCH4 pH2 O

Ks ¼

ðreformingÞ,

pH2 pCO2
ðshiftingÞ:
pCO pH2 O

ð22Þ

ð23Þ

 in

COin
2 þ y H2 þ 3x þ y  z

,
K S,SOFC ¼  in
CO þ x  y H2 Oin  x  y þ z



3  in

H in
CO þxy
2 þ3xþyz
in þ2x
þ2x
n
nin
tot
tot

2.5 | Combustor, gas turbine, and
compressor
In this work enough air is supplied from the exit of SOFC
cathode, SOFC, H2, CO, and CH4 can be consumed
completely in the combustor.
The adiabatic combustion temperature can be derived
from energy balance about the combustor
7
X

Furthermore, the two specific equations can be
derived by
ð24Þ


nin
i

ΔH 0f þ

i¼1

CHin
4 x
nin
tot þ2x



H2 Oin xyþz
nin
tot þ2x

 ,

ð T in


C p dT ¼

298

4
X


nout
i

ΔH0f þ

i¼1

ð T out


Cp dT :

298

ð31Þ
The outlet temperatures and work of the compressor
and gas turbine are given below40:



KR ¼ 

ð30Þ

ð21Þ

ð25Þ
W COM ¼

T COM,out T GT,in
k1
¼
¼π k ,
T COM,in T GT,out

ð32Þ

1

ð33Þ

ηCOM,s

½H ðT COM,out Þ  H ðT COM,out Þ,

where x and y are the flow rates of CH4 and CO taking
part in the two reactions, while the reaction rate z is calculated by the Faraday's Law.

W GT ¼ ηGT,s ½H ðT GT,in Þ  H ðT GT,out Þ,

z ¼ I=ð2F Þ:

where π is the pressure ratio and ηs is the isentropic efficiency.

ð26Þ

ð34Þ
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2.6 | LiBr–H2O absorption chiller
Exhausted gases from the gas turbine can be further utilized to improve the cooling capacity to recover waste
heat. The single effect LiBr–H2O absorption refrigeration
system (ARS) is chosen in this work.41 The main components of the ARS are a generator, evaporator, condenser,
absorber, and solution heat exchanger (SHX) as shown in
Figure 1. The absorbent is LiBr and the refrigerant is
water.
The following assumptions are made to evaluate the
cooling capacity.

X 21 ¼ X 22 ¼ X 23 ,

ð44Þ

X 24 ¼ X 25 ¼ X 26 :

ð45Þ

X is the concentration of LiBr in the solution (%,
kg kg1).
Heat exchanger effectiveness is defined as
ε¼

T 24  T 25
,
T 24  T 22

ð46Þ

m24 ðh24  h25 Þ ¼ m22 ðh23  h22 Þ:
1. The temperature variations and mass accumulation in
the condenser, generator, absorber, evaporator, and
the solution heat exchanger are not considered.
2. The pressure drop in components is neglected, and the
expansion process of expansion devices is adiabatic.
3. The heat loss of the generator and gains of the evaporator from the surroundings are neglected.
4. The refrigerant at the outlet of generator is superheated and saturated liquid at the outlet of the condenser and saturated vapor at the outlet of the
evaporator.
Mass and energy balances of the generator:

m23 ¼ m24 þ m27 ,

ð35Þ

The coefficient of performance (COP) of absorption
chiller is defined by
COP ¼

Qe
:
Qg

ð48Þ

2.7 | Cooling, heating, and net power
output
The cooling load (Qcooling) is equal to the heat transfer
rate Qe in the evaporator
Qcooling ¼ Qe :

Qg ¼ m24 h24 þ m27 h27  m23 h23 :

ð49Þ

ð36Þ

For condenser:
m27 ¼ m28 ,

ð37Þ

Qc ¼ m27 h27  m28 h28 :

ð38Þ

m29 ¼ m30 ,

ð39Þ

Qe ¼ m30 h30  m29 h29 :

ð40Þ

For evaporator:

For absorber:
m21 ¼ m26 þ m30 ,

ð41Þ

Qa ¼ m26 h26 þ m30 h30  m21 h21 :

ð42Þ

The solution heat exchanger
m23 X 23 ¼ m24 X 24 ,

ð47Þ

ð43Þ

The available heat from gases out of the generator can
be further recovered by a heat exchanger to generate
domestic hot water. The heating load is defined as the output heating of heat exchanger in which the inlet feed water
is assumed as 25 C and outlet domestic hot water is 60 C.
Qheating ¼ n16 ðh18  h16 Þ:
Net power
expressed as:

output

of

the

CCHP

ð50Þ
system

is

W net ¼ W GT þ W SOFC  W Compressor-1  W Compressor-2
 W Pump :
ð51Þ
The electrical efficiency and CCHP efficiency are
given as
ηel ¼

ηCCHP ¼

W net
,
_ biomass LHVbiomass
m

Qcooling þ Qheating þ W net
:
_ biomass LHVbiomass
m

ð52Þ

ð53Þ

JIA ET AL.
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2.8 | Exergy analysis

where the factor is given by Reference 43.

With the second law of thermodynamics, exergy
analysis is used to investigate the irreversibilities in components and the whole performance of CCHP.42
The general exergy rate balance can be written:



X
T0 _ X
_  Ex_ D ¼ 0: ð54Þ
Qi þ i
m_ e ex e  W
1
m_ i ex i 
T

Where the first term is the heat of exergy. The second
terms are the sum of exergy input and output rates of the
flow, respectively. The third term is the work leaving
the system. The last term is the exergy destruction rate.
The specific flow exergy is expressed by the sum of
specific physical and chemical exergy.
ex ¼ exph þ exch :

ð55Þ

β¼

1:044 þ 0:00160H=C  0:3493O=Cð1 þ 0:0531H=CÞ þ 0:0493N=C
:
1  0:4124O=C

ð61Þ

2.9 | Economic analysis
In this work, the net present value (NPV) method44 is
used to analyze the economic performance of this CCHP
system. NPV is expressed as follows
NPV ¼

n
X

Ck

k¼0 ð1 þ r Þ

k

¼ C0 þ

n
X

Ck

k¼1 ð1 þ r Þ

k

:

ð62Þ

The initial cost of investment of the whole CCHP system C0 (€) is given by

The physical exergy can be defined as
C 0 ¼ C gasfier þ C MGT þ C SOFC þ C clean þ C ARS þ C HRU , ð63Þ

ex

¼ h  h0  T 0 ðs  s0 Þ:

ph

ð56Þ

The chemical exergy for an ideal gas mixture can be
written as
exch ¼

X 

x i exch
i þ RT 0 lnx i ,

ð57Þ

which is the sum of components cost in the CCHP such
as a gasifier, SOFC, GT, ARS, and HRU.
The term Ck is shown in Equation (54)
Ck ¼ Cele þ Ccool þ Cheat
 ðC fuel þ CMGT,OM þ CSOFC,OM þ Cclean,OM Þ,

ð64Þ

i

exch
i

where xi is the molar fraction,
the standard chemical
exergy of species i which can be taken from Reference 43.
The exergy destruction ratio of each component is
defined as the ratio of exergy destruction to total exergy
input. It can be written as
ηEx,i ¼

Exdest,i
:
_ biomass Exch
m
bio

ð58Þ
NPV ¼

Consequently, the exergetic efficiency for the entire
CCHP system can be defined as follows:

ηCCHP,ex ¼





0
0
Qcooling 1  TTcool
þ Qheating 1  TTheat
þ W net
_ biomass Exch
m
bio

where Cele, Ccool, and Cheat are yearly revenues of electricity, cool and heat energy, respectively, €/year, Cfuel is fuel
cost, CSOFC,OM, CMGT,OM, and Cclean,OM are the O&M costs
of SOFC, MGT, and gas cleaning unit respectively, €/year.
Accordingly, as NPV equals to zero, the internal rate
of return (IRR) and payback period (PB) can be determined by

:

n
X

Ck

k¼0 ð1 þ IRRÞ

k

¼ 0,

ð65Þ

and
NPV ¼

PB
X

Ck

k¼0 ð1 þ r Þ

k

¼ 0:

ð66Þ

ð59Þ
At the assumed condition of environment, the physical exergy of biomass is zero and the chemical exergy of
biomass can be expressed as
Exch
bio ¼ βLHVbio ,

ð60Þ

3 | RESULTS A ND DISCUSSION
The models of single-effect LiBr–H2O ARS and downdraft gasifier have been verified against experimental or
simulation results available in other literatures.27,34
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Comparison between this work and references

Gas Composition (%)

This Work

Reference 34

This Work

Reference 27

CO

21.83

19.6

Qg (kW)

259.45

246.21

H2

20.30

17.2

Qc (kW)

213.56

206.15

CO2

8.26

9.9

Qa (kW)

247.47

241.34

CH4

1.0

1,4

Qe (kW)

201.29

201.29

48.61

51,9

COP

N2

It is seen from Table 4 that models of this work are in
good agreement with the experimental or simulation
results of References 27,34.
The simulation of the CCHP system begins from the
one-dimensional model of the downdraft gasifier.
The syngas compositions (state 3) are determined by
Equations (4)-(17) using the Newton-Raphson method.
The syngas temperature is obtained by energy Equation (18) using the bisection method. These data are
transferred as input data to the entrance of the SOFC.
The electrochemical model of SOFC determines terminal
voltage and electric power. The energy balance Equation (29) accepts these results and gives the molar flow
rate of air at the cathode inlet. The air flow rate entering
the cathode is applied to the electrochemical model for
the next calculation of cell terminal voltage and power
until the convergence is obtained.
The gas temperature and mass of the combustor exit
are not known at the beginning of the simulation; in
order to run the whole system model, a set of initial
parameters have to be assumed for the calculation of heat
exchanger, ARS, and other components until convergence is met eventually. Once thermodynamic properties
of all state points of CCHP are provided, the energy and
exergy analysis can be conducted.
A set of operating parameters and the assumed efficiencies of the system components are given in Table 5.
Based on the thermodynamic models of these components, the impact of main operating parameters on the
energetic and economic performance of CCHP system is
investigated.

3.1 | Mass flowrate of air (MA) in a
gasifier
Mass flowrate plays a crucial role on CCHP energetic and
exergy efficiency since it has a decisive impact on the syngas composition. Table 6 gives mass flowrate, temperature, pressure, and stream composition at different state
points for baseline case.

0.7758

0.8175

T A B L E 5 Input data and designed performance of components
for the baseline case
Parameters

Value

Biomass
Moisture content (state 1)

40%

Mass flow rate of biomass (state 1)

28.33 kg h1

Gasifier
Moisture content of biomass (state 2)

15%-35%

Molar fraction of air

21% O2, 79% N2

Mass flow rate of air (MA = 100%)

46.99 kg h1

Gasifier dimension

34

Compressor and gas turbine
Isentropic efficiency of compressor

0.8

Pressure ratio of compressor

2.5

Isentropic efficiency of gas turbine

0.85

Outlet temperature of GT (state 11)

770 C

Heat recover unite (HRU)
Inlet temperature of water (state 16)

25 C

Temperature of domestic hot water (state 18)

60 C

Absorption refrigerator system (ARS)
Working pairs

LiBr–H2O

High pressure

7300 Pa

Low pressure

991.75 Pa

Solution heat transfer effectiveness

0.64

Exhaust temperature (state 15)

130 C

The effect of MA on the syngas composition, the powers of compressors, gas turbine, SOFC, and the net power
of the whole CCHP system are shown in Figures 2 and 3,
respectively. Exergy destruction ratio of some components
is shown in Figure 4. Exergy destruction ratios for other
components (eg, dryer, gas cleaner, SOFC, gas turbine,
compressor-1, and pump) are relatively smaller and not
presented separately. The effect of MA on the heating,
cooling, electrical efficiency, and whole CCHP energy and
exergy efficiencies is shown in Figures 5 and 6.
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State
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The thermodynamic properties of different state points for baseline case
m (kg s1)

T (K)

p (atm)

Gas Composition (% vol)
CO

CO2

H2

H 2O

CH4

N2

O2

1

0.0078

298

1

–

–

–

–

–

–

–

2

0.0055

298

1

–

–

–

–

–

–

–

3

0.0185

1344

2.5

17.56

11.24

18.17

6.54

0

46.40

0

4

0.0185

1295

2.5

17.56

11.24

18.17

6.54

0

46.40

0

5

0.0219

1123

2.5

5.63

23.26

4.53

20.18

0

46.39

6

0.226

298

1

0

0

0

0

0

79

21

7

0.226

408

2.5

0

0

0

0

0

79

21

8

0.226

1023

2.5

0

0

0

0

0

79

21

9

0.2226

1123

2.5

0

0

0

0

0

81

19

10

0.2445

1175

2.5

0

2.62

0

2.24

0

77.32

17.82

11

0.2445

1042

1.425

0

2.62

0

2.24

0

77.32

17.82

12

0.2445

489

1.425

0

2.62

0

2.24

0

77.32

17.82

13

0.2445

445

1.425

0

2.62

0

2.24

0

77.32

17.82

14

0.2445

426

1.425

0

2.62

0

2.24

0

77.32

17.82

15

0.2445

403

1.425

0

2.62

0

2.24

0

77.32

17.82

16

0.033

298

1

–

–

–

–

–

–

–

17

0.033

298

1

–

–

–

–

–

–

–

18

0.033

333

1

–

–

–

–

–

–

–

19

0.013

298

1

0

0

0

0

0

79

21

20

0.013

408

2.5

0

0

0

0

0

79

21

0

F I G U R E 2 Effects of MA on syngas composition [Colour
figure can be viewed at wileyonlinelibrary.com]
F I G U R E 3 Effects of MA on power of components [Colour
figure can be viewed at wileyonlinelibrary.com]

It shows that more H2, CO2, and N2 yield as more air
entering the gasifier. N2 does not take part in the chemical reactions fed to the syngas. While more O2 leads to
higher reaction temperature which benefits the endothermic char conversion of R2 and R4, the concentrations of
H2 and CO2 go up, and accordingly, the H2O concentration decreases. However, if the gasification temperature
is too high, the oxidation reaction plays more important

part than the reduction reactions and the consuming of
CO will overweigh the production of CO.
The largest exergy destruction lies in the gasifier since
biomass is decomposed with irreversibility through
chemical reactions. More air is favorable for H2 yield and
conversion of char to CO which results in a significant
increase of chemical exergy at the gasifier outlet.
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Therefore, the exergy destruction in a gasifier, which
equals to the difference between the inlet and outlet
exergy, decreases dramatically from 30% to 8% as MA
increasing.
The higher MA also causes the higher ratio of H2 to
H2O at the inlet of anode which is in favor of the output
power of SOFC (Equation 28). In order to maintain the
allowable operation temperature of SOFC, more air has to
be introduced which results in the increase of compression
work of compressor-2 and also the combustor temperature, thus improving the output work of gas turbine.
Therefore, the 8%-10% exergy destruction ratio in
the combustor resulting from mixing loss and irreversible combustion process occurs. The main reason of
exergy destruction in the air preheater is due to the
large flowrate to maintain SOFC temperature under
maximum allowable temperature, and great temperature difference between the hot and cold side of the air
preheater. The exergy destruction ratio for air preheater is 5%-6%.
Since the increase trend of work output of SOFC and
GT overweighs that of the work input to drive the compressors, the network of the whole system ascends with

FIGURE 4
different MA

Exergy destruction ratios of components for

F I G U R E 5 Effects of MA on cooling, heating, and total exergy
destruction rate [Colour figure can be viewed at
wileyonlinelibrary.com]

higher MA. The electricity efficiency is above 43% as
MA = 0.8 and climbs to 55% as MA = 1.1.
As for the cooling and heating of CCHP, both of them
increase with higher MA, while the sum of the exergy
destructions rates of components decreases. The whole
CCHP efficiency increases from 56% to 74% and CCHP
exergy efficiency from 39% to 55% as MA varying
between 0.8 and 1.1 as shown in Figure 6. The more air
flows into the system, the more chemical energy of biomass is converted into power, cooling, and heating.

3.2 | Effect of biomass moisture content
Moisture content (MC) should not be too high before
entering the gasifier, otherwise gasification is not technologically viable, and the entire system is unstable. In this
work, the initial of MC is 0.4, and it drops to 0.15-0.35
(state 2) after drying.
Effect of MC at the inlet of the gasifier (state 2) on the
syngas composition and powers of CCHP components
have been shown in Figures 7 and 8. Exergy destruction
ratio of some components in is shown in Figure 9.

F I G U R E 6 Effects of MA on electrical and CCHP energy and
exergy efficiencies [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 7 Effects of MC on syngas composition [Colour
figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 1 0 Effects of MC on temperature differences of AR,
HRU, and dryer [Colour figure can be viewed at
wileyonlinelibrary.com]
F I G U R E 8 Effects of MC on power of components [Colour
figure can be viewed at wileyonlinelibrary.com]

F I G U R E 1 1 Effects of MC on cooling, heating, and total
exergy destruction rate [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 9
different MC

Exergy destruction ratios of components for

The composition of H2O increases obviously, meanwhile that of H2 and CO descend mildly and other compositions of N2, CO2, and CH4 are nearly invariable. The
reason is that more water in the gasifier reduces the gasification temperature, thus increasing the molar fraction
of H2O. Although more H2O improves the methane–
water–gas reaction (R4) and reforming reaction (R6), the
increase trend of CO production is offset completely due
to the lower temperature which is unfavorable for the
release of CO from the reduction reactions. In the same
way, the yield of H2 is controlled mainly by the temperature rather than the composition of gas mixture. Accordingly, the exergy destruction ratio of the gasifier climbs
from 14% to 22% which is the main exergy destruction of
the CCHP system. The exergy destruction ratios of other
components change slightly with different MC.
The temperature differences of exhaust gas passing
through the absorption refrigerator, HRU, and dryer are
shown in Figure 10. Figure 8 gives powers of compressors, SOFCs, and gas turbine at a specific value of MC. As

analyzed above, a lower ratio of H2 to H2O determines
the less output work of SOFC; meanwhile, the lower
combustor temperature due to more steam flowing into
the combustor from the anode outlet reduces the output
work of gas turbine. Although compression work of compressors decreases moderately because of MC, the drop of
output power of SOFC and GT is more obvious, and,
hence, the network of the whole system falls from 44 kW
to 35 kW as MC varying from 0.15 to 0.35.
The lower MC at the inlet of gasifier means higher
drying degree which results from larger temperature
difference of hot exhaust passing dryer; it means that
more energy is provided to heat the moisture and
superheat the vapor. Accordingly, both of temperature
differences pass through AR and HRU go up as MC rising. It also results in the increase of exergy destruction
ratio of ARS and HRU.
Accordingly, impact of MC on drying, cooling, and
heating energy and total exergy destruction rate of CCHP
system are shown in Figure 11. In this work, the heat for
drying goes down remarkably from 5.6 to 1.1 kW, while
the value of heating climbs from 4.8 to 6.1 kW, cooling
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from 8.8 to 11 kW, and the total exergy destruction rate
of CCHP from 55 to 58 kW as MC increases from 0.15
to 0.35.
Effect of MC on the electrical efficiency and CCHP
efficiency is shown in Figure 12. Higher MC has a notable negative impact on the net output work as discussed
above; therefore, the electrical efficiency and CCHP
decrease. Meanwhile, higher MC at the entrance of the
gasifier shows less heat to evaporate water in the dryer,
thus, more chemical energy of biomass could be
converted into heating and cooling. In this work, only if
MC < 0.3, the electrical efficiency is above 45% and the
CCHP efficiency larger than 65% and exergy efficiency up
to 40% can be reached.

3.3 | Effect of temperatures of generator
(Tg) and absorber (Ta)
In this study, the higher pressure of condensation and
lower pressure of the evaporator is kept constant as
shown in Table 5. The effects of Tg (state 24) and Ta

F I G U R E 1 2 Effects of MC on electrical and CCHP energy and
exergy efficiencies [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 7

(state 21) on the cooling capacity, COP, and CCHP efficiency can be obtained by varying them respectively
while holding all the other input constants at the baseline
values listed in Table 5.
The thermodynamic properties of each state-point of
AR is shown in Table 7, and summary of energy quantities is provided in Table 8 as Tg = 85 C and Ta = 35 C.
It can be seen that the liquid flowrate of weak solution through the solution pump is about 10 times that of
the refrigerant, leaving the generator. The COP of ARS
is 77.52%.
Applying the exergy rate balance equation to each
component of the ARS, the component exergy destruction rates can be calculated, as shown in Figure 13. It is
clear that the evaporator and absorber account for the
highest exergy destruction rates compared with other
components. In the evaporator, phase change with high
temperature differences between the working fluids and
the refrigerated space results in a significant entropy creation rate. The absorber occupied the second largest
exergy destruction rate of ARS because of the large heat
transfer temperature differences. Total exergy destruction
rate of ARS grows from 2.312 to 2.742 kW as Tg from
80 C to 95 C.
The effect of varying of Tg and Ta on the cooling
capacity (Qe) and COP is shown as Figures 14 and 15,
respectively. The lower the Ta and the higher the Tg, the
better the cooling capacity and COP. In this study,
the cooling capacity and COP gain the maximum of
9.468 kW and 83% as Tg = 95 C and Ta = 25 C. As Tg
falling to 80 C and Ta rising to 40 C they seriously deteriorate to 5.555 kW and 49%. Accordingly, CCHP drops by
5% from 70% to 65% as shown in Figure 16.
The decay rate of cooling and COP slow down at
higher Tg due to higher Ta. For the same increase extent
of Ta from 25 C to 40 C, the COP descends by 6% as
Tg = 95 C, while it declines by 34% as Tg = 80 C.

The thermodynamic properties of single LiBr–H2O absorption chiller

State

Substance

T ( C)

21

LiBr–water

35

22

LiBr–water

35

P (Pa)
991.75
7300

m (kg s1)

X (%)

h (J kg1)

S (J kg1 K1)

0.0372

53.88

110 220

230

0.0372

53.88

110 220

230

23

LiBr–water

67

7300

0.0372

53.88

176 430

434

24

LiBr–water

85

7300

0.0335

59.95

237 740

485

25

LiBr–water

46

7300

0.0335

59.95

164 090

269

26

LiBr–water

46

0.0335

59.95

164 090

269

27

Water vapor

85

7300

0.0037

0

2 659 800

8509

28

Water

40

7300

0.0037

0

167 472

620

29

Water

7

991.75

0.0037

0

167 472

627

30

Water vapor

7

991.75

0.0037

0

2 514 800

8995

991.75
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Summary of energy

Variable

Unit

Value

Qa

Absorber heat transfer rate

kW

10.859

Qc

Condense heat transfer rate

kW

9.386

Qe

Evaporator heat transfer rate

kW

8.841

Qg

Generator heat transfer rate

kW

11.405

Qshe
P
ExD

Solution heat exchanger heat transfer rate

kW

2.465

Total exergy loss of the ARS

kW

2.472

COP

Coefficient of performance

%

F I G U R E 1 3 Exergy destruction rates of components of the
ARS (Ta = 35 C)

F I G U R E 1 4 Effects of Tg and Ta on cooling energy [Colour
figure can be viewed at wileyonlinelibrary.com]

3.4 | Effect of exhaust gas temperature
Due to exhaust's high temperature and mass flow rate, it
has a high-energy flow rate. This part of heat energy coming from the biomass chemical energy is wasted. The
baseline value of exhaust gas (state 15) is assumed as
130 C. In this work, it shows that exhaust ranks the third
(above 10%) among all exergy destruction ratios of the

77.52

F I G U R E 1 5 Effects of Tg and Ta on COP [Colour figure can
be viewed at wileyonlinelibrary.com]

F I G U R E 1 6 Effects of Tg and Ta on CCHP efficiency [Colour
figure can be viewed at wileyonlinelibrary.com]

component. In order to improve the efficiency, this temperature could be decreased further.
Figure 17 gives the temperature differences in the AR
and HRU to generate the cooling and heating energy. It
shows that the temperature difference grows gradually
with the lower temperature of exhaust gas. Accordingly,
the values of heating and cooling energy go up as shown
in Figure 18.
Reducing the exhaust temperature from 130 C to 90 C
increases the values of cooling energy from 8.84 to 14.3 kW
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T A B L E 9 Input data for the economic analysis of
CCHP22,33,45-50

F I G U R E 1 7 Effects of exhaust temperature on temperature
differences of AR and HRU [Colour figure can be viewed at
wileyonlinelibrary.com]

Parameter

Unit

Value

Annual working time

hour

7000

Life time

year

10

Discount rate, r

%

7

Gasifier

€

12 600

SOFC capital investment

€/kW

4250

SOFC O&M

€/kW-y

54

Clean unit initial capital investment

€/kW

459

Clean unit O&M

€/kW-y

57

MGT capital investment

€/kW

2820

MGT O&M

€/kW-y

124

Absorption chiller

€/kW

300

HRU

€

3000

Wood price

€/kg

0.112

Electricity price

€/kWh

0.236

Heating price

€/kWh

0.075

Cooling price

€/kWh

0.067

TABLE 10

F I G U R E 1 8 Effects of exhaust temperature on CCHP cooling,
heating, and efficiency [Colour figure can be viewed at
wileyonlinelibrary.com]

and subsequently, the heating energy from 4.8 to 8 kW. The
exergy rate of exhaust (state 15) drops from 13.33 to
11.11 kW. Although the exhaust has a high-energy flowrate
due to its high temperature and mass flow rate, the exhaust
cannot be utilized for useful work or heat because the
exhaust temperature has to be above the dew point to prevent the condensation of fuel gas in chimney.
Since more chemical energy of biomass converts to
heating and cooling as the temperature of exhaust gas
drops from 130 C to 90 C, the total CCHP efficiency
increases by 10% and reaches 79%.

3.5 | Economic analysis
Based on the thermodynamic analysis, the economic study
of CCHP system is carried out. The input data for the economic study are presented in Table 9, and the other data are
kept at constant as shown in Table 5. The corresponding
economical result is shown in Table 10.

The economic analysis results of CCHP

Parameters

Unit

Value

CSOFC/C0

%

46.76

Yearly O&M cost

k€

31.81

Yearly electrical income

k€

73.35

Yearly cooling income

k€

4.15

Yearly heating income

k€

2.57

Yearly total income

k€

48.26

Net present value (NPV)

k€

86.79

Internal rate of return (IRR)

%

16.63

Payback period (PB)

Years

6.91

Investment cost of SOFC is almost half of the total
investment of CCHP. In this work, the NPV values
becomes positive from the 7th year since the PB is equal
to 6.91 years, and it reaches 86.79 k€ at the end of 10th
year as shown in Table 10. This confirms that the CCHP
system has economic potential.
In spite of the SOFC's high electrical efficiency, it is
obvious that the capital cost of SOFC occupies the maximum proportion of the whole investment of CCHP,
which is a decisive factor for the CCHP containing SOFC
competing with other CCHP system. Therefore, more
attention should be paid on the impact of SOFC on the
overall economic performance of CCHP.

JIA ET AL.
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absorption chiller is investigated. Impacts of some important operating parameters on the energetic, exergy, and
economic performance of CCHP are explored in detailed.
The results of this work could be listed as follow.

F I G U R E 1 9 Effect of SOFC investment costs on NPVs
of CCHP [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 11
of CCHP

Effect of SOFC cost on the economic performance

Parameters

Unit

Value

SOFC initial
cost

€/kW

7100

CSOFC/C0

%

59.47

53.64

46.76

38.27

Net present
value (NPV)

k€

1.29

46.29

86.79

124.29

Payback
period (PB)

Years

9.97

8.26

6.91

5.77

5600

4250

3000

The impacts of SOFC costs on the NPV have been
given in Figure 19. The economic results for the different
SOFC initial costs are shown in Table 11.
It is clear that the NPV increases with the lower price
of SOFC. The NPV booms from 1.29 to 124.29 k€ as the
SOFC cost drops from 7100 to 3000 €/kW in the future,
accordingly PB declines from 9.97 to 5.77 years. In this
work, 7100 €/kW is the acceptable highest cost of SOFC
investment, since its PB is almost the system lifetime.
Nowadays, the SOFC costs are still more than half of
the total investment for some CCHP systems,12 which
hinders the commercialization of the CCHP based on
SOFC as a prime mover. If the costs below 3000€/kW
could be achieved in future, the proportion of SOFC cost
will be less than 40% as show in Table 11. Thus, the
CCHP system including SOFC will be more competitive
compared with other CCHP systems.

• Mass flowrate of air for gasification plays a crucial role
on improving the overall CCHP efficiencies since the
gasifier accounts for the largest proportion (up to 30%)
in total exergy destruction rate. Adjusting MA can
increase exergy efficiency by 10%.
• Reducing the moisture content (MC) of biomass is an
effective way for the improvement of the output of
cooling, heating, and power in system. Smaller value
of MC(<0.2) could results in exergy efficiency greater
than 45% and CCHP efficiency over 65%.
• The decrease of exhaust gas temperature boots the production of cooling and heating of the CCHP system. A
10% improvement of overall efficiency of CCHP can be
obtained as the exhaust gas temperature decreases
from 130 C to 90 C.
• Higher temperature of generator leads to promotion of
cooling production and COP of absorption chiller. In
this work, the variation range of generator temperature
between 85 C and 95 C could obtain COP larger than
0.7 and avoid crystallization of LiBr–H2O solution.
• The SOFC initial investment plays the main part in the
economically feasibility of this CCHP. Once the cost of
SOFC is below about 3000€/kW in future, the CCHP
including SOFC as a prime mover will be more competitive with other CCHP system.
• In general, for the baseline case in this work, CCHP
can achieve an electrical efficiency of 52%, exergy efficiency of 47%, CCHP efficiency of 70% and payback
period of 7 years.
To overcome the shortcomings of this study, some
works will be carried out for future research
• A heat transfer model will be added to ARS which allows
for a more realistic set of inputs to a simulation model,
and it will be helpful to gain more complete understanding of ARS irreversibilities in a practical machine.
• Life cycle assessment and environmental analysis
would be adopted to estimate the greenhouse gas
reductions and environmental impacts of this CCHP.
• Multiobjective optimization will be used for this CCHP
to find the best strategies about trade-off among the
efficiency improvement, energy saving, and greenhouse gas reductions.

4 | C ON C L U S I ON S
In this work, a novel biomass-based CCHP system composed of a downdraft gasifier, SOFC, micro GT, and
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