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H I G H L I G H T S

• A solar assisted combined cooling, heating and power (SCCHP) system is proposed.

• Energy recovery improves matches between energy donors and receivers.

• Cascade utilization of input energies enables enhanced specific power generation.

• The fossil energy saving ratio of the proposed system reaches 30.4%.

• The exergy efficiency can be improved 6.18% compared with conventional trigeneration.
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A B S T R A C T

To improve the conversion efficiency of renewable energy use in high efficiency novel distributed energy sys-
tems, 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 re-
arranges the matches of energy donors and receivers both quantitatively and qualitatively. Based on well-es-
tablished 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 conven-
tional centralized power network [1,2]. They have a number of ad-
vantages 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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determined by the available energy resources and energy conversion
technologies [8–10]; and operation strategy by the variation of custo-
mers’ 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 re-
quirement 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

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 de-
mand 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 up-
graded 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

Nomenclature

A energy level
CEM specific CO2 emission per kWh electricity generation [g/

kWh]
COP coefficient of performance
DNI direct normal irradiation
E exergy [kW]
LHV lower heating value of fuel [kJ/kg]
m mass flow rate [kg/s]
P pressure [bar]
Q heat [kW]
SRf fossil fuel saving ratio, Eq. (7)
T temperature [°C]
TIT turbine inlet temperature [°C]
W power output [kW]
Xe,sol solar exergy input share, Eq. (5)
Xsol solar heat input share, Eq. (4)
ηb gas boiler efficiency [%]
ηcol collector efficiency [%]

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

Subscripts

c cooling
col collector
e electrical
f fuel
h heating
net net output
ref reference system
rad solar radiation
sep separate generation system
sol solar heat
0 environment state
1, 2… 18 states on the cycle flow sheet

Fig. 1. Schematic diagram of the SCCHP system with solar heat integration.
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