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H I GH L IG H T S

solar assisted combined cooling, heating and power (SCCHP) system is proposed.
• AEnergy
improves matches between energy donors and receivers.
• Cascaderecovery
of input energies enables enhanced speciﬁc power generation.
• The fossilutilization
saving ratio of the proposed system reaches 30.4%.
• The exergyenergy
eﬃciency can be improved 6.18% compared with conventional trigeneration.
•
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To improve the conversion eﬃciency of renewable energy use in high eﬃciency novel distributed energy systems, and the match between the energy donors and receivers in them, this paper proposes and analyzes a solar
assisted combined cooling, heating and power system which supplies electricity, cooling and heat, with internal
energy recovery and thermochemical upgrading, as their core component. The proposed system consists of a
chemically recuperated gas turbine cycle, an absorption chiller and a heat exchanger, in which the reformer
upgrades the absorbed turbine exhaust heat and solar heat into produced syngas chemical exergy, and rearranges the matches of energy donors and receivers both quantitatively and qualitatively. Based on well-established technologies including trigeneration, steam reforming and low/mid temperature solar heat collection,
the system exhibits enhanced speciﬁc power generation and eﬃciency, and it commensurately reduces CO2
emissions and saves depletable fossil fuel. The net solar-to-electricity eﬃciency is predicted to be 26–29% for a
turbine inlet temperature of 980 °C. Compared with the stand-alone power, cooling and heating generation
system, the reduction potential of fossil fuel consumption has been demonstrated to be 30.4% with a solar
thermal share of 26%. Moreover, this system produces 33% less CO2 emission than a conventional combined
cooling, heating and power system with the same technology but without solar assistance. An excess electricity
storage unit or storage of excess syngas can be considered to balance the diﬀerence between the supply and
demand quantities.

1. Introduction
Distributed energy systems (DES), which are typically composed of
a number of modular and small scale technologies and situated close to
the end users, can be regarded as an essential complement to conventional centralized power network [1,2]. They have a number of advantages such as low transmission loss, low environmental emissions,
and ﬂexibility with multiple energy resources including fossil fuels,
alternative fuels and renewable energy resources. In addition, they also

⁎

have multiple energy production with cascade energy utilization, in the
form of combined cooling, heating and power cogeneration (CCHP)
systems [3–5], in which the heating and cooling demand is provided by
using the residual heat from electricity generation, and thus achieve
better performance in meeting customers’ multi-energy demands and in
energy saving with overall energy eﬃciency typically > 80%.
The research publications related to distributed energy systems
mainly focus on system design, operation strategy and performance
evaluation [6,7]. The CCHP system conﬁguration used is mainly
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ηe
ηex
ηsol
ηth

Nomenclature
A
CEM
COP
DNI
E
LHV
m
P
Q
SRf
T
TIT
W
Xe,sol
Xsol
ηb
ηcol

energy level
speciﬁc CO2 emission per kWh electricity generation [g/
kWh]
coeﬃcient of performance
direct normal irradiation
exergy [kW]
lower heating value of fuel [kJ/kg]
mass ﬂow rate [kg/s]
pressure [bar]
heat [kW]
fossil fuel saving ratio, Eq. (7)
temperature [°C]
turbine inlet temperature [°C]
power output [kW]
solar exergy input share, Eq. (5)
solar heat input share, Eq. (4)
gas boiler eﬃciency [%]
collector eﬃciency [%]

electrical generation eﬃciency, Eq. (2)
system exergy eﬃciency, Eq. (3)
solar-to-electricity eﬃciency [%], Eq. (6)
system thermal eﬃciency [%], Eq. (1)

Subscripts
c
col
e
f
h
net
ref
rad
sep
sol
0
1, 2… 18

cooling
collector
electrical
fuel
heating
net output
reference system
solar radiation
separate generation system
solar heat
environment state
states on the cycle ﬂow sheet

usually integrated at the low temperature end for complementary heat
production with low energy conversion eﬃciency [17,18]. Increasing
the share of renewable energy input in the energy system, on one hand
brings more environmental beneﬁts such as saving depletable fossil fuel
and reducing pollutant emissions, but on the other hand lowers the
system overall energy eﬃciency because renewable energy is generally
associated with transience and low energy ﬂux. Somma et al. [19]
proposed an analysis that matches the quality levels of supply and demand by their exergy, by satisfying, if possible, low quality (exergy)
thermal demands with low exergy sources such as solar thermal or
waste heat, and electricity demands with high exergy sources, but it is
still by direct use of solar thermal or power-generation waste heat.
Diﬀerent from the above mentioned method, solar heat can be upgraded to chemical energy of solar thermochemical fuels through some
solar thermochemical processes and solar energy can thus be stored in
the form of fuel for continuous use [20–22].
In this paper, the authors proposed and analyzed a solar assisted

determined by the available energy resources and energy conversion
technologies [8–10]; and operation strategy by the variation of customers’ energy demands. CCHP systems can theoretically be made very
eﬃcient and cost-eﬀective by cascade utilization of the input energy.
Practical systems, however, usually exhibit lower than expected energy
eﬃciency, because the energy demand and supply are not in optimal
match, and the distributed energy resources are thus not fully exploited.
The application of appropriate operation strategy is an essential requirement to improve the oﬀ-design performance of CCHP systems
[11–13].
Currently the design and optimization of distributed energy systems
is mainly based on mathematical tools to integrate diﬀerent types of
energy resources and energy conversion technologies, with single or
mixed targets with weighted combination of energy eﬃciency, annual
energy consumption, annual cost, or CO2 emission [14–16], usually
resulting to a linear combination of available DES technologies and
resources. The renewable energy resources, such as solar heat, are

Fig. 1. Schematic diagram of the SCCHP system with solar heat integration.
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CO + H2 O↔ CO2 + H2

combined cooling, heating and power (SCCHP) system. The involved
energy recovery/regeneration enables cascade utilization of heat addition at diﬀerent temperature levels, and thus balances the diﬀerence
between energy demand and supply. Especially, turbine exhaust heat
and solar heat are used indirectly for power generation, following their
upgrading to syngas chemical exergy by a thermochemical conversion
process. Exergy and energy analyses at design condition have been
performed to reveal the energy saving process, showing that the same
rates of electricity, heat and cooling outputs as those generated by their
production using a separate system for each are attained by the proposed novel integrated system but with about 30% lower fuel input.
The system conﬁguration is described in Section 2. Section 3 presents the main simulation assumptions and introduces the performance
criteria composing the energy and exergy analysis. The design performance of the SCCHP system compared with the conventional CCHP
system is discussed in Section 4. Moreover, the technical considerations
for engineering application are presented. Finally, the paper is concluded in Section 5.

The ﬁrst one is highly endothermic, the second, “shift reaction”, is
exothermic. The thermo-chemical process has much higher heat recuperation capacity than the conventional thermal recuperation alone,
and methane conversion increases with higher steam/fuel molar ratio,
higher temperature, and lower pressure. The natural gas reforming
process takes heat from both the turbine exhaust gas and the solar
source, and adds the absorbed heat to the reforming products heating
value, thereby increasing the power generation and eﬃciency beyond
that with direct fossil fuel combustion alone.
The system employs a double eﬀect LiBr-H2O absorption chiller for
cooling production at 5 °C for domestic building use. It consists of highpressure (HP) and low-pressure (LP) generators, condenser, evaporator
and absorber, solution pump, higher-temperature (HT) and lowertemperature (LT) heat exchangers, and throttling valves, as shown in
Fig. 2. Taking advantage of the large boiling point diﬀerence between
the refrigerant and the absorbent, the loops of refrigerant (1a-2a-3a/4a5a-6a-7a) and of solution (8a-9a-10a-11a-12a-13a-14a-15a-16a-17a)
are formed. Driven by the gas turbine ﬂue gas heat in the high-pressure
generator, it generates cooling by drawing lower-temperature heat Qc
in the evaporator. The oﬀ-design performance of the LiBr absorption
chiller was investigated in [25]. It was found that as the gas turbine
load drops from 100%, the COP of the absorption chiller ﬁrst increases,
from 1.3 at the full load operation to 1.31 at the gas turbine load of
65%, and then drops to 1.25 at the load of 25%. Since its variation is
thus generally mild, the COP of the absorption chiller is in this paper
taken to be 1.2.

2. System conﬁguration description
The proposed SCCHP system, which involves thermochemical upgrading of absorbed solar heat and turbine exhaust heat, is shown in
Fig. 1. The system consists of a solar heat improved chemically recuperated gas turbine cycle (CRGT) for power generation [23,24], a gas
turbine exhaust-heat driven absorption chiller, and a heat exchanger for
heating production, respectively.
In this system, the water used for reforming (3) is preheated and
then evaporated by solar heat to produce saturated steam (6). After
being heated in the recuperator, the mixture of steam and natural gas
enters the reformer to produce hydrogen-rich syngas (11), which is
burned for the power-generating gas turbine. The turbine exhaust heat
is recovered and utilized in a thermal cascade, by the reformer, economizer for water preheating, absorption chiller for cooling production
and heat exchanger for heat production, in that order, from high to low
temperature.
The steam reforming process is described by the following reactions
[23]:

CH 4 + H2 O↔ CO + 3H2

Δ H= −41.17 kJ/mol

3. System evaluation
3.1. Basic assumptions
This solar assisted combined cooling, heating and power (SCCHP)
system is developed and simulated by application of the simulation
software Aspen Plus [26]. The RK-Soave method is selected to estimate
the thermodynamic data and phase behavior of the materials’ streams.
The most relevant assumptions are summarized in Table 1.
The reformer model in this system is a built-in Gibbs Reactor
available in Aspen Plus, and is applied for the calculation of chemical
and phase equilibrium based on minimizing Gibbs free energy. The

Δ H= 206.11 kJ/mol

Fig. 2. A double-eﬀect LiBr-H2 O absorption chiller.
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For comparison with the simple gas turbine cycle, the electricity
generation eﬃciency is deﬁned as:

Table 1
Main assumptions for the calculation.
Source
Compressor

Pressure ratio
Isentropic eﬃciency [%]
Inlet air mass ﬂow rate [kg/s]

6.7
83
8.15

Turbine

Inlet temperature [°C]
Isentropic eﬃciency [%]

980
88

Combustor

Eﬃciency [%]
Pressure drop [%]

100
2

Fuel compressor

Isentropic eﬃciency

80

Reformer

Outlet pressure [bar]
Hot side pressure drop [%]

6.79
2

Code side pressure drop [%]

10

Minimum temperature diﬀerence
[°C]
Reforming temperature [°C]

20

Recuperator

Minimal temperature diﬀerence[°C]
Hot side pressure drop [%]
Cold side pressure drop [%]

20
1
2

Economizer

Minimal temperature diﬀerence
[°C]
Hot side pressure drop [%]

15

Code side pressure drop [%]

2

Evaporator
Pump

Pressure drop [%]
Eﬃciency [%]

4
80

Absorption chiller

Coeﬃcient of performance

1.2

Outlet gas temperature [°C]

170

Heat exchanger

ηe =

OPRA [27]

OPRA [27]

Kesser et al.
[23]
Kesser et al.
[23]
Kesser et al.
[23]

ηex =

98
130

Solar collector

Solar energy temperature [°C]
Solar collector eﬃciency [%]
Heat transfer eﬃciency [%]

170
76
95

System

Mech. Eﬃciency × generator
eﬃciency [%]

98

(3)

It is noteworthy that the exergy of the solar heat supply, and
therefore also the value of ƞex, depend on the deﬁnition of the solar
temperature Tsol, which is chosen here to be that of the solar heat at the
temperature of its supply to the evaporator.
The contribution of the mid/low-temperature level solar heat can be
measured by its share in the system total energy input:

Kesser et al.
[23]
Kesser et al.
[23]

Qsol
Qsol
=
Qf + Qsol
mf ·LHV + Qsol

Xe,sol =

(4)

Qsol (1−T0/ Tsol )
Ef + Qsol (1−T0/ Tsol )

(5)

To indicate the relative electricity generation performance of the
solar heat contribution in the proposed SCCHP system, the net solar-toelectricity eﬃciency [29,30], ηsol, is deﬁned as:

Somma et al.
[19]
Somma et al.
[19]

ηsol =

Wnet −Wref
Qrad

=

Wnet −Qf ηe,ref
(6)

Qrad

in which Wref is the power output produced by a reference system, here
chosen to be the simple gas turbine cycle with the same methane input,
Wref = Qf ⋅ηe,ref, Qrad is the total solar energy incident on the solar
concentrator, Qrad = Qsol /(ηcol ·ηtr ) , and where ηcol is the concentrating
solar collector eﬃciency, and ηtr is the heat transfer eﬃciency from the
collector to the cycle working ﬂuid (in the Evaporator loop of Fig. 1).
The fossil fuel savings in comparison with a conventional system
that generates the same amount of electricity, heating and cooling by
separate units, is deﬁned as the fossil fuel saving ratio:

Somma et al.
[19]

degree of nonequilibrium in the reformer is represented by ΔTeq,
modeled by the chemical approach described in [23,24]. The calculated
syngas temperature at the reformer exit is thus (T-ΔTeq), and the syngas
composition is the corresponding equilibrium one. The gas turbine was
selected to be the OP16 micro gas turbine from OPRA company in the
Netherlands [27], and the gas turbine model is validated by comparing
the simulation results with the data from this manufacturer. Table 2
shows that the simulation results agree well with the manufacturer’s
data, with a relative error within 1% for the gas turbine exhaust temperature, power generation and eﬃciency. The relative error for gas
mass ﬂow rate is 4.5%, which perhaps is because of the diﬀerent
composition of the fuel, with pure methane used in our simulation.
Validation of the basic CRGT cycle can be found in [28,29].

SRf =

Qf ,sep−Qf
Qf ,sep

(7)

where the heat input for the system using separate units is

Qf ,sep = (Wnet + Qc / COPe )/ ηe,grid + Qh/ ηb

(8)

The reference separate generation system is a typical commercial
one, assumed to buy electricity from a grid with an average generation
eﬃciency ηe,grid = 35%, has an air source chiller driven by electricity
with a COPe of 4.5, and a natural gas boiler with an eﬃciency ηb = 90%
[19,31].
The speciﬁc CO2 emission per kWh electricity generation is deﬁned
Table 2
Validation of the OP16 model.

3.2. Performance criteria
The thermal eﬃciency of the system is deﬁned as:

Wnet + Qh + Qc
W + Qh + Qc
= net
Qf + Qsol
mf ·LHV + Qsol

Wnet + Eh + Ec
Wnet + Eh + Ec
=
Ef + Esol
Ef + Qsol (1−T0/ Tsol )

Xsol =
1

(2)

Because the system has multiple energy inputs and outputs with
diﬀerent energy qualities, the equivalent system exergy eﬃciency is
deﬁned to evaluate the performance of the SCCHP system. The methane
exergy is assumed approximately to be 1.04 LHV; and the exergy of the
solar heat supplied to the evaporator at a temperature of Tsol is calculated as the maximal work availability between Tsol and the ambient
temperature T0, i.e., that is Qsol (1−T0/ Tsol ) . This exergy eﬃciency is thus
given by:

OPRA [27]

577.5

Eﬃciency [%]
Outlet stack temperature [°C]

ηth =

Wnet
Wnet
=
Qf + Qsol
mf ·LHV + Qsol

(1)

where Wnet, Qh and Qc are the net electric power, heating and cooling
outputs produced by the system, and Qf = mf LHV is the fuel low
heating value input, Qsol is the solar heat input for steam generation.
182

Items

Data from the
manufacturer

Simulation

Relative error
%

Exhaust temperature (°C)
Exhaust gas mass ﬂow
(kg/s)
Electric power (kW)
Electrical eﬃciency (%)

573
8.7

576.6
8.3

0.63
4.5

1854
26.9

1867
27.0

0.7
0.37
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evaporation, the turbine exhaust heat only heats sensible heat sinks
with varying temperature. The cascade utilization of exhaust turbine
heat together with solar heat integration at diﬀerent temperature levels
facilitates the matching of quality levels of energy supply and demand,
and thus avoids the waste of high-quality energy resources.

as:

CEM =

mCO2 × 3.6 ×
Wnet

106
(9)

where CEM is the speciﬁc CO2 emission (g/kWh), mco2 is the CO2 mass
emission rate in the turbine exhaust gas (kg/s).

4.2. Exergy analysis

4. Results and discussions

The SCCHP system has inputs from multiple energy resources, and
produces multiple energy output type. An exergy analysis is therefore
conducted to properly quantify diﬀerent forms of energy inputs and
outputs, and to locate exergy destructions and losses, and the results are
summarized in Table 5. It is assumed that the SCCHP system supplies
electricity, heat and cooling to a building, and the latter two are in the
form of hot water at 60 °C (Th) and the cooling at 5 °C (Tc).
The heat and cooling exergies are calculated by:

4.1. System performance
The proposed SCCHP system shown in Fig. 1 is simulated based on a
steam/air ratio of 15%. Table 3 summarizes the thermodynamic parameters at key state points. When the steam/air ratio drops to zero, the
system degrades to a conventional CCHP system without solar assistance; it is simulated with the same assumptions shown in Table 1.
The regular CCHP system is based on the same technologies as the
SCCHP system except for the solar heat integration. It consists of an
OP16 gas turbine, and the turbine exhaust heat is used to drive an
absorption chiller and a heat recovery boiler for cooling and heating
production, respectively. The comparison in Table 4 is based on the
same turbine inlet temperature TIT of 980 °C, compressor pressure ratio
of 6.7 and compressor inlet air mass ﬂow rate of 8.15 kg/s. Because of
the addition of solar heat generated steam in the SCCHP system, it
demands diﬀerent energy input amounts to maintain the same TIT, thus
leads to diﬀerent energy outputs than the regular CCHP system.
In the SCCHP system, solar heat at the temperature of 170 °C contributes 26.9% of the total heat input via water evaporation (for the
reformer). The H2O/C molar ratio in the reforming process is 8.5, which
enables a conversion ratio of 64.8% of CH4 at a temperature of 577.5 °C
and pressure of 6.8 bar. Because of the increase of the working ﬂuid by
the generated vapor, the gas turbine generates 864.9 kW (46.3%) more
electricity than the simple CCHP system. At the same time, since the
higher temperature turbine exhaust heat is used as the reforming process heat, less exhaust heat is available for cooling production, which is
therefore reduced by nearly 49% (2200 kW) from that of the simple
CCHP system. The SCCHP system produces more electricity which has
high energy quality than heat and cooling, and exhibits higher electricity generation eﬃciency and system exergy eﬃciency, but a much
lower system thermal eﬃciency of 58.9% as compared with 97% of the
conventional CCHP system.
It is noteworthy that the solar-to-electricity eﬃciency (ηsol) of
SCCHP reaches 26% with a temperature of 170 °C, which is about the
same as that of the simple gas turbine cycle (27% in Table 2), indicating
that the system upgrades the mid-temperature solar heat and accomplishes its high-eﬃciency to power output. As compared with the separate production of power, heat and cooling, the fossil fuel saving ratio
reaches 30.4% in the SCCHP system, which is also much higher than
that of 19.3% in the conventional CCHP system without solar input.
Corresponding to the fossil fuel saving, the speciﬁc CO2 emission per
kWh electricity generation is reduced in the SCCHP by 33%. If needed,
any excess generated electricity can be stored and easily converted into
cooling output by a mechanical compression chiller.
Fig. 3 shows the cascade recuperation of turbine exhaust heat. Of
totally 5466 kW heat recuperation, about 26% at the high temperature
end is used as reforming driving heat, another 30.8% is used to preheat
the reactants (17% in the recuperator and 13.8% in the economizer).
Most of the energy used in buildings is required to maintain indoor
temperatures at around 20 °C to 26 °C, or to heat water at a temperature
around 60 °C [19], they are commonly supplied by electricity or fossil
fuels in the separate generation systems [32]. The required temperatures for space heating and cooling are low, and so is thus the quality of
these energy demands. In the SCCHP system, only the lower temperature heat is used for cooling production (35%) and heat production
(8.1%). Because the mid/low-temperature solar heat is used for water

Eh = Qh·(1−T0/ Th)

(10)

Ec = Qc ·(T0/ Tc−1)

(11)

With 10.3% of its input exergy from solar heat at 170 °C, SCCHP
converts 34.7% of the total exergy input into power generation. The
relatively low temperatures of heat and cooling supply lead, as expected, to their low exergy outputs, 2.1% for cooling and 0.59% for
heat output, respectively.
Fig. 4 presents the exergy loss in each component and the comparison with the conventional CCHP cycle without solar assistance. The
highest exergy destruction is in the combustor where the fossil fuel
chemical exergy degrades into thermal exergy. It is notable that the
combustion exergy loss in the SCCHP cycle, of 33.5%, is even 3%-points
lower than that in the conventional CCHP cycle, considering that the
SCCHP cycle has a higher working ﬂuid mass ﬂow rate due to the 15%
steam addition. Because combustion produces thermal heat at the same
temperature of 980 °C in both systems, the combustion exergy loss
diﬀerence therefore comes from the fuel side, syngas in the SCCHP
system, and methane direct combustion in the conventional CCHP
system. Based on the deﬁnition of ‘energy level’ as the ratio of exergy
change to energy change [33]: A = ΔE /ΔH . Syngas has an energy level
of about 0.96 (depending on its composition) [28,29], lower than that
of methane for which it is 1.04. The reformer can therefore be considered as an energy level lever: driven by the drop of the energy level
from methane to syngas, it lifts the energy level of the absorbed solar
heat and turbine exhaust heat into syngas chemical exergy.
Another signiﬁcant exergy loss reduction appears in the absorption
Table 3
Main stream states of the SCCHP system.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

183

T

P

m

Molar composition (%)

[°C]

[bar]

[kg/s]

CH4

25
279.6
25
25
170.5
168.8
25
68.6
164.6
461.2
577.5
980
597.5
481.2
402.5
338.2
170
130

1.013
6.79
2
8.18
8.02
7.7
5
7.7
7.7
7.54
6.79
6.65
1.06
1.04
1.03
1.03
1.02
1.01

8.15
8.15
1.222
1.222
1.222
1.222
0.136
0.136
1.358
1.358
1.358
9.508
9.508
9.508
9.508
9.508
9.508
9.508

H2

CO

CO2

H2O

O2

N2

21
21

79
79

11.8
11.8
11.8
11.8
11.8
11.8
11.8

62.2
62.2
62.2
62.2
62.2
62.2
62.2

100
100
100
100
100
100
11.1
11.1
3.4

24.4

0.7

5.6
2.4
2.4
2.4
2.4
2.4
2.4
2.4

88.9
88.9
65.9
23.6
23.6
23.6
23.6
23.6
23.6
23.6
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Table 4
Performance comparison between the SCCHP and CCHP systems.
SCCHP

CCHP

Turbine inlet temperature [°C]
Compressor pressure ratio
Compressor inlet air mass ﬂow rate [kg/s]
Steam/air ratio

980
6.7
8.15
0.15

980
6.7
8.15
0

Energy input
Fuel LHV Qf [kW]
Solar heat input [kW]

6784.55
2498.98

6916.98
0

Energy output
Power output Wnet [kW]
Heating Qe [kW]
Cooling Qc [kW]
Solar thermal share Xsol [%]
Solar exergy share Esol [%]
System thermal eﬃciency ηth [%]
Electrical generation eﬃciency ηe [%]
System exergy eﬃciency ηex [%]
Solar-to-electricity eﬃciency ηsol [%]
Energy saving ratio SRf [%]
Speciﬁc CO2 emission [g/kWh]

2732.14
444.94
2295.78
26.92
10.33
58.86
29.43
37.40
26.02
30.40
490.2

1867.28
351.40
4496.23
0
0
96.98
27.0
31.22
19.31
731.2

Fig. 4. Exergy destruction in main components and system products.

chiller, from 23% in the conventional CCHP system to 8.3% in the
SCCHP system. In the conventional CCHP system, the turbine exhaust
heat at the temperature of 576 °C is used to produce cooling at 5 °C. In
the SCCHP system, the higher temperature turbine exhaust heat is recovered in the reformer for syngas production, and further to electricity
generation. Only the lower end of the turbine exhaust heat is employed
for cooling and heating production. In this way, the low energy level
demands are met by only low quality energy sources.
Because of the addition of steam, the SCCHP system exhibits higher
ﬂue gas exergy loss as compared with the conventional CCHP system;
and the reformer and steam generation introduce additional exergy
losses. The exergy loss in the reformer and recuperator are, however,
relatively small thank to the good thermal match in these components.
The reformer serves as a conjunction of energy recovery and upgrading, it shifts energy between lower and higher quality zones to
reduce the energy level mismatches in diﬀerent components. As a result, compared with the conventional CCHP system, the SCCHP system
produces 864 kW more high quality electricity, and 2.4 kW less cooling
exergy.
Fig. 3. Turbine exhaust heat recuperation process in the SCCHP system.

4.3. Performance analysis in the typical day
Table 5
Exergy analysis result of the SCCHP cycle.
[MW]

[% of the total exergy input]

EXERGY INPUTS
Fuel
Solar heat

7057.4
813.2

89.7
10.3

EXERGY OUTPUT
Power generation
Cooling
Heat

2732.1
165.1
46.7

34.7
2.10
0.59

EXERGY LOSSES
Combustor
Reformer
Recuperator
Compressor
Turbine
Absorption chiller
Heat exchanger
Economizer
Water pump & fuel compressor
Flue gas
Mechanical loss

2634.2
99.0
182.3
203.2
237.9
658.1
99.3
262.7
3.64
490.6
55.8

33.5
1.26
2.32
2.58
3.02
8.36
1.26
3.34
0.05
6.23
0.71

The respective daily simulation results of the SCCHP system are
discussed in this section. In this paper, the solar irradiation date in
Beijing is used to present the performance of the proposed system at
part-load conditions. The hourly DNI and Xsol of the typical summer day
are presented in Fig. 5. From 7 am, solar energy is transformed into the
chemical energy contained in the syngas by the chemically recuperated
gas turbine cycle and the Xsol quickly reaches the highest value of
26.93% at 9 am. In this process, the available syngas cannot satisfy the
production of the SCCHP system and the lack of part must be provided
by the natural gas when the Xsol increases from 0 to 26.93%. From 9 am
to 3 pm, the production of syngas is able to meet the fuel supply of the
SCCHP system. The Xsol remains constant although the DNI has the peak
value of 869 W/m2 at 12 am. Similar to the above description, the
natural gas supplements syngas as fuel input to the SCCHP system.
The SCCHP system for a ﬁve-star hotel of 88400 m2 including oﬃce
and guest rooms as the reference building is modeled [34]. The hourly
electricity, cooling and heating demands of the reference building for a
typical day is shown in Fig. 6. The SCCHP system is operated under the
following electric load operation strategy, thus the electric demand is
satisﬁed by the gas turbine. The lack of heat is provided by the auxiliary
boiler when the surplus heat contained in ﬂue gas cannot satisfy heat
for cooling and hot- water production in the absorption chiller and heat
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the upper end of the turbine exhaust heat to avoid its mismatching with
low energy quality demand, and converts it together with the mid/lowtemperature solar heat into syngas chemical exergy, which is further
eﬃciently converted into electricity in the gas turbine. The reformer
rematches the energy donors and receivers both quantitatively and
qualitatively, thereby leading to signiﬁcant fossil fuel saving and CO2
emission reduction in a magnitude that exceed the solar heat input
ratio.
Due to the variation of the energy demands, and sometimes energy
supply, the distributed energy system needs to run frequently under oﬀdesign conditions, at which gas turbine performance deteriorates. The
SCCHP system relieves this problem by allowing adjustments of the
ratio of turbine exhaust heat for heat and cooling, and the solar heat can
also be used for cooling or heat production. The system is also amenable
to storage of energy for balancing the quantity diﬀerence of energy
supply and demand, and depending on the user’s demand variation,
diﬀerent energy storage technologies can be considered: for example, if
the cooling and heating production can’t meet the user’s demand, and
electricity is over-generated, an electricity storage unit can then be
implemented to allow the power section to run under design condition
and store the excessive generated electricity, which can be converted
into cooling or heating output eﬃciently as needed. Alternatively, excess syngas produced by the reformer can be diverted from the turbine
for easy storage and use as needed. The oﬀ-design performance is an
important issue and should be addressed separately.
The proposed system also oﬀers signiﬁcant alleviation of environmental problems associated with the generation of power, cooling and
heating. It reduces the speciﬁc CO2 emissions by 33% as compared to
the conventional CCHP system and reduces the thermal NOx formation
in the combustion to < 1 ppm because of the presence of large quantity
of steam in the syngas. Furthermore, with the saving of fossil fuel, the
other pollutants are also reduced in the proposed system, which
heightens the competitiveness with other polygeneration systems. The
system retains its thermodynamic advantages of high-eﬃciency conversion of low temperature heat with energy sources other than solar
heat, such as waste or geothermal heat, and its CO2 emission reduction
advantages when the heat sources do not involve CO2 emission.
The technologies contained in the SCCHP system can be achieved
and commercially available. The system uses a mid/low-temperature
solar collector combined steam generator. The widely applied parabolic
trough solar concentrating collectors [35] may be used to provide heat
at ∼170 °C for water evaporation.

Fig. 5. DNI and solar thermal share on summer representative day.

Fig. 6. Variations of building energy demand and energy output.

exchanger, respectively. We assume that the electric eﬃciency is a
third- order polynomial that is connected to the part-load rate of the gas
turbine. The COP of the absorption chiller is assumed as constant of 1.2.
The thermal demand is satisﬁed by the auxiliary boiler from 9 pm to
7am because the gas turbine is turned oﬀ. The electric demand of the
reference building increases sharply from 7am to 8am; and therefore
the Xsol begins to increase from 7am despite the increase in DNI from
6am as shown in Fig. 5.
The solar energy complements fuel input from 7am to 6pm (11h),
which eﬀectively improves the energy-saving and environmental performance of the SCCHP system.

5. Concluding remarks
A solar assisted combined cooling, heating and power system was
proposed, which provides electricity, cooling and heat for distributed
energy customers and for other users. The higher-temperature part of
the turbine exhaust heat and the lower-temperature solar heat contribute to syngas production and are thereby converted to additional
fuel heating value. Cascade utilization of diﬀerent energy resources at
diﬀerent temperature levels has been established, and the improved
energy level match in the system result in increased power generation
and eﬃciency, and thereby signiﬁcant fossil fuel saving and CO2
emission reduction beyond the solar heat input ratio. Speciﬁcally, the
net solar-to-electricity eﬃciency (ηsol), is predicted to be 26–29% with a
turbine inlet temperature at 980 °C. Compared with a conventional
system that generates the same amount of electricity, heating and
cooling by separate units, a fossil energy saving ratio reaches 30.4%
with a solar thermal share of 26%. Moreover, saving fossil fuel leads to
a commensurate 33% reduction of CO2 emission compared with the
conventional trigeneration system with the same technology and
without solar assistance.
An electricity storage unit can be employed to store the excessive
electricity generation, it helps the gas turbine to run under design
conditions and allow the stored electricity to cover the variable cooling

4.4. Technical considerations
As for the energy-saving and environmental friendly performance,
the conventional CCHP system associated renewable energy has attracted continuing attention. In this paper, the function of energy recovery/regeneration was demonstrated by introducing and analyzing
the novel SCCHP, a solar heat thermochemically-assisted CCHP system,
in which mid/low-temperature solar heat is used to evaporate the reforming water, higher-temperature turbine exhaust heat provides the
reforming process heat, and lower-temperature turbine exhaust heat is
used for cooling and heat production, thus achieving cascade utilization
of heat addition at diﬀerent temperature levels.
Reforming drops the energy level of methane to that of syngas,
leading to the reduction of combustion exergy destruction, and recovers
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and heating loads if and when needed. Alternatively, excess syngas
produced by the reformer can be diverted from the turbine for easy
storage and use as needed.
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