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For achieving higher energy transferring efficiency from the resources to the load, the Combined Cooling, Heating, and Power
(CCHP) systems have been widely researched and applied as an efficient approach. The key idea of this study is designing a novel
structure of a hybrid CCHP system and evaluating its performance. In this research, there is a hybrid energy storage unit
enhancing the whole system’s operation flexibility while supplying cooling, heating, and power. An ORC system is integrated into
the CCHP system which takes responsibility of absorbing the low-temperature heat source for electricity generation. There are a
few research studies focusing on the CCHP systems’ performance with this structure. In order to evaluate the integrated system’s
performance, investigation and optimisation work has been conducted with the approaches of experimental studies and modelling
simulation. The integrated system’s configuration, the model building process of several key components, the optimisation
method, and the case studies are discussed and analysed in this study. The design of the integrated system and the control strategy
are displayed in detail. Several sets of dynamic energy demand profiles are selected to evaluate the performance of the integrated
system. The simulation study of the system supplying selected scenarios of loads is conducted. A comprehensive evaluation report
indicates that the system’s efficiency during each study process differs while supplying different loads. The results include the
power supplied by each component, the energy consumed by each type of load, and the efficiency improvements. It is found that
the integrated system fully satisfies the selected domestic loads and various selected scenarios of loads with high efficiency.
Compared to conventional power plants or CHP systems, the system efficiency enhancement comes from higher amount of
recovery waste heat. Especially, the ORC system can absorb the low-temperature heat source for electricity generation. Compared
to the original following electrical load (FEL) control strategy, the optimisation process brings overall efficiency improvements.
The system’s overall efficiency was increased by from 3%, 3.18%, 2.85%, 17.11%, 8.89%, and 21.7% in the second case studies.
Through the whole study, the main challenge lies within the design and the energy management of the integrated system.

1. Introduction

The combined cooling, heating, and power CCHP systems
have the function of recovery of the waste heat to supply
cooling and heat to satisfy the electrical power demand
simultaneously [1]. By the other means, the trigeneration
systems have advantages of high-efficiency energy trans-
ferring compared to the conventional energy systems [2].

The features of high efficiency and low emission which likely
contribute significantly to reduce emissions draw a lot of
attention in the recent decades.

Utilizing the recovered heat is a core technology for the
CCHP systems. A general point about the CCHP systems’
capacity is that the power rate lower than 1 MWe is regarded
as small-scale applications. Systems with smaller capacity are
called small-scale or microscale CCHP systems [3]. The
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small-scale and microscale CCHP systems are a popular
topic as the household energy demand or small commercial
applications are suitable loads for this kind of distributed
energy systems and such remote loads cannot get a high-
efficiency power supply in common case [4]. Adollahi dis-
cusses a multiobjective optimisation on the residential small-
scale CCHP system. In this CCHP system, the energy effi-
ciency, the total installation cost rate, and the cost rate of the
environment are optimised simultaneously [5]. Another
CCHP system designed for small-sale applications is pre-
sented by Maraver aiming at improving the use of biomass
resources and distributed generation. In that research, the
concepts of artificial thermal efficiency and the primary
energy saving ratio are introduced to evaluate the designed
system. The results of the research show that a small-scale
CCHP plant based on biomass combustion is an efficient
energy generation system [6].

A multienergy products system normally needs an
advanced control system [7]. The control strategy of the
complex energy system is also an area many recent re-
search studies focus on [8]. The most popular and rea-
sonable operation strategy for CCHP systems is following
thermal load (FTL) [9] and following electrical load (FEL)
[10]. A domestic CHP system which is also integrated with
an electrical energy storage unit is using the FEL strategy
to offer electricity and heat to the demands. The final
results show that, with the support of the FEL strategy, the
integrated CHP system has much higher efficiency
compared to conventional off-grid CHP systems. For the
most popular FTL and FEL control strategy, applying
either of the strategies often causes power surplus which
brings an efficiency reduction [11]. In a similar system, a
dynamic programming operation strategy was developed
to distribute the generated energy which brings 19% ef-
ficiency improvement [12]. For solving this problem,
integration of energy storage units is proposed to improve
part load efficiency and operation flexibility [13]. A dis-
tributed power generation system (DPGS) with an electric
energy storage (EES) system has a similar idea with the
current study. The results show that the DPGS-EES system
was working properly to meet the demand [14]. There is an
attempt of integrating the hybrid electrical energy storage
with a domestic CHP system. The results show that Lang
presents a CCHP system with the thermal energy storage
system driven by a microturbine. The results of the sys-
tem’s operation show that the primary energy con-
sumption of that CCHP system is significantly lower than
that of conventional separate production systems [15]. A
hybrid photovoltaic-trigeneration system is presented by
Amir which contains batteries in its system structure. The
batteries store the electrical energy from the solar panels
and support the energy supplying of the system. The
overall efficiency is demonstrated to be higher, and less
emissions are generated compared to the current com-
bination of centralized power plants and household
heating technologies [16]. Among all the energy storage
technologies, the supercapacitors have the ability to ac-
commodate a large amount of energy in a short time. It
has a similar operation principle and function with
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batteries [17]. When a distributed energy system has a
dynamic electrical load, supercapacitors are suitable to be
integrated in because of its high-power density. A CHP
system combined with hybrid electrical energy storage
was presented and simulated by Chen et al. In that system,
the hybrid electrical energy storage system which contains
lead acid batteries and supercapacitors supported the
system to satisfy the dynamic load with limited energy
source with high efficiency [18]. Among all the attempts, a
few systems successfully combine the traditional batteries
and supercapacitors with the CCHP systems.

There is always mismatch between the energy supply and
the demand, especially in the multipower products gener-
ation systems [19]. Lots of researchers have been working on
this topic to avoid excess output of electricity or heat [20]. In
the CCHP systems, the waste heat is recovered for improving
the system’s efficiency. Besides that, it is well proven in actual
operational condition that there is a potential part of waste
heat which can be further extracted and transferred to useful
energy by the ORC systems [21]. The idea of combining the
CCHP system with ORC has been tested by many former
researches. Zare combines a geothermal-driven CCHP
system with the ORC system. The ORC system is used to
absorb part of system internal heat for higher power output
[22]. In Wang’s CCHP-ORC system, the fuel consumption is
reduced [23]. The ORC systems have proven that part of
low-temperature heat can be transferred to available elec-
tricity [23, 24].

The integrated system studied in this research com-
bines the trigeneration system, a novel electricity storage
system, and the ORC system. This new designed inte-
grated system manages to meet the energy demand at high
efficiency with its optimised operation strategy. The aim of
this study is to establish a feasible solution to tackle the
challenge, i.e., to investigate and develop an integrated
system of combined trigeneration, energy storage, and
ORC to generate multienergy products (power, heat, and
cooling) with high efficiency; to reduce the energy con-
sumption; and reduce the carbon emissions from the
stand-alone systems. This system structure shows its
novelty for integrating the core components- a CCHP
system, a hybrid energy storage unit, and an ORC system.
Combining the ORC system and energy storage unit
(including supercapacitors) with the trigeneration system
is the very first attempt. The research focuses on building
this integrated system and optimisation of the system’s
operation. Simulation on this integrated system is built
from the results of the experimental tests. The optimi-
sation process is the main content of this article.

The detailed objectives of the research are as follows:

(1) Investigating the state of the art of current energy
systems; considering what types of the energy system
and which technologies can reach the aim of the
research; and selecting the energy system and
technologies for the study

(2) Selecting the case study of a stand-alone user de-

mand; designing an integrated system which can
meet the demand; and setting up computational
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models to simulate and evaluate the system’s
performance

(3) Carrying the optimisation process on the system’s
operation on several scenarios; displaying the best/
optimisation of the system’s performance

The main contribution of this article includes the
following:

(1) Designing a novel structure of the hybrid CCHP
system and evaluating its performance

(2) Investigating the control approach for the multi-
object energy system and obtaining an optimised
result

With this newly designed CCHP system integrated with
hybrid energy storage units and an ORC system, the system
should have the ability to satisfy the electricity, heating, and
cooling demand simultaneously with high efficiency.

2. System Configuration

2.1. System Design. The schematic diagram of these com-
ponents is displayed in the Figure 1 where the energy-
producing lines are distinguished by different colours. This
integrated system combines the key components to supply
multitype of energy products.

The CCHP system includes a diesel engine, a generator, a
heat recovery system, and an absorption chiller. The engine
drives the generator to supply electricity. The generator
operates with the energy storage units to supply energy for
the electrical load. The electricity generated from the ORC is
an auxiliary electricity source for this system (electricity
from ORC is only available when the engine is operating).
The function of electricity supplying of the system is given
the highest priority in the system design because of the
frequent changing electricity demand. The heat recovery
system collects and transfers energy from waste heat to
satisfy the heating demand and cooling demand. Part of the
low-temperature heat is absorbed by the ORC system. When
the recovery waste heat is not sufficient, the electricity is used
to support the heating supply or cooling supply. The ad-
sorption refrigerator produces most of the cooling energy.
Cooling demand has lower priority than the other two
energy demands.

2.2. Size of the System. This study aims at building a micro-
CCHP system and supplying according loads. Specifications
about the diesel engine and the generator are shown in the
Table 1. The power rate of the engine is 8.8 kW, and the
output rate of the generator is 6.5 kW. Except the generated
electricity, part of available power from the gas emissions
and coolant water of the engine is also considered as a power
source to the integrated system. The theoretical full load
peak power output of the system including electricity,
heating, and cooling is estimated 17.6 kW. Power demand
under 13 kW is a reasonable range for this integrated system
to supply. The peak power demand of the loads selected in
this study is around 10kW.

2.3. Control Strategy. Implementation of the operation
strategies aims at achieving a high efficiency to supply the
load. In the control strategies which have been conducted
and tested, the most popular two investigated controlling
strategies for similar systems are following the thermal load
(FTL) and following the electric load (FEL) [25]. The selected
load lasts for 24 hours. During this period, the power de-
mand has an unpredictable swing according to different
human activities. Therefore, the control strategy of this
integrated system applies FEL. The operation logical dia-
gram is displayed in Figure 2. Supplying the electrical energy
demand has the highest priority. The allocation of electricity
storing and consumption depends on the power demand of
the load when the engine is operating. When the electrical
demand is fully satisfied, the waste heat recovery system
supplies energy for the thermal part and cooling part. The
thermal load is satisfied by the recovered waste heat. The
cooling energy is also supplied by the adsorption chiller
which also extracts the recovered waste heat as energy
source.

Based on the amount of energy demand, the integrated
system is designed to operate as several states. The electricity
demand has the highest priority, when the electricity de-
mand is not fully supplied, and the ORC system uses the
recovered heat and transfers them to electricity (when the
engine is operating). When the electricity demand is fully
supplied, the integrated system supplied thermal energy
secondly. The supplying of cooling energy has the lowest
priority. When the thermal energy generated is not sufficient
for the load, the energy stored in the energy storage system
supports the generation of thermal energy.

2.4. Optimisation Principles of the System’s Operation. The
original strategy makes the engine to operate with a flexible
range of load. A similar optimisation process is applied in
the former research [26]. The optimisation process shown in
this section aims at reaching the system’s maximum effi-
ciency by making the engine to work at maximum power.

The engine in the system is the prime mover. It transfers
the energy in the fuel into the system with certain efficiency.

Pfuel : ﬂengine = Pengine' (1)

The energy storage units contain the supercapacitors and
the batteries. The power of the energy storage equals the
summation of the two components’ power.

P, = Py + Pyr. (2)

The equation expresses the recovery energy amount
from the engine.

PR = Pfuel ' nrecovery' (3)

Part of the recovery energy is used to support the op-
eration of the ORC.

Pope = Pr(1—a-p). (4)

When the generator is operating, the energy using to
supply the load consists of the power of generator, energy
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FIGURE 1: System design.
TaBLE 1: Information of the engine and generator used in this study.
YANMAR TF 120 M
Type Horizontal water-cooled, 4-cycle diesel engine
Bore x stroke mm 92 %96
Displacement Liters 0.638
Cont. output kW (hp) 7.7 (10.5)
Rated output kW (hp) 8.8 (12)
Engine Revolutions rpm 2400
Starting system Hand start
Cooling system Radiator
Lubricating system Fully sealed forced lubrication with a trochoid pump and hydraulic regulator valve
Combustion system Direct injection
Fuel consumption lit./h 2.8
Fuel tank capacity Liters 11
Capacity kVA 6.5
kw 6.5
Frequency Hz Available in either 50 Hz or 60 Hz
Revolutions rpm 3000 for 50 Hz/3600 for 60 Hz
Generator set No. of phases Single phase
Power factor 1
Excitation system Brushless, self-excitation system
Drive system V-belt derive

Voltage (standard) Vv 220
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insufficiency part is
supported by electrical

appliance

FIGURE 2: Control strategy of the system.

storage system, and the electric power output from the ORC.
During the system’s operation, the recovery energy is used to
satisfy the heat demand. The thermal storage unit reserves
part of the excessive energy.

Pioap = Pge + Ps + Pogs
Pg-a+Pp g =Pr g, (5)
Pr-B-nec="Pc.

When the generator is not operating, the energy storage
units support the electric loads. Because of lacking recovery
energy, the heating load and the cooling load are supplied by
the energy stored in the storage units.

Pioap = Pss
Pgr + Pr_g, = Pr_y, (6)

Py = Pgc.

Supposing that the system’s operation follows the
electric load (FEL), the optimisation of the system aims at
minimizing the engine’s operation time. From calculating
the difference between the minimum engine operation time
and the compensational engine operation time, a better
operation for the integrated system can be obtained.

te
[ Io Pengine (t)dt
e Pengine (max) '
=t ¢t (7)

min min>
’

t
J Pog ()t = Py (max) - ¢
0

2.4.1. Limiting Conditions. There are a few restrictive con-
ditions in the optimisation process for guaranteeing suffi-
cient power for the load. For ensuring the batteries’ lifespan,
the state of charge of the batteries is limited within the rage
from 40% to 100%. At the same time, the power supplied by
the system must be equal or higher than the power demand.
The thermal energy stored in the storage units is required to
tulfill the thermal load and the cooling load. The recovery
thermal energy is allocated to three parts which are re-
sponsible for the thermal storage, heating demand, and
cooling demand, respectively.

40% < SOC (t) < 100%,

Pgg + Pg + Pog 2 Pioaps

(8)

Pp-a+Pr g 2Prp,
Pp-B=Pc .

The saved energy is expressed by the following equation.
The energy saving is

tep ngin (t)
Qsaving = J. Ld

t— Pengine (max)tmin' 9
0 ’/Iengine

3. Model Building of the System

The principle of building the components is introduced in
this section where the process of model building is
expressed. The evaluation work and the optimisation process
are completed by the simulation models in the Matlab
software environment. The accuracy of the build



components is guaranteed by fitting the performance of the
components with their experimental tests results.

3.1. Generator of the System. The electricity generation ap-
plied in this project is a diesel engine. Equation (16) de-
scribes the mathematical model of the engine.

In the equation,

TdQ = EIA,
E = K¢Q, (10)
Td = K¢,

P=T,Qxn=El, xn.

The engine transfers the chemical energy to mechanical
energy and, then, to electricity. Model for this part is built in
Matlab software. Using the corresponding parameters, the
recovered heat rate is also given in Table 2.

From the simulation results of the engine’s model, the
engine’s electrical power output and the recovery heat
simulation have error less than 1.42%. These results indicate
that the model can simulate the operation performance of
the engine with a high accuracy.

3.2. Heat Recovery System. The model of the waste heat
recovery module is based on the experimental results given
by a former swan researcher. In the research of the biofuel
microtrigeneration system, a previous researcher Hongdong

When the engineison: Po_; =[Py - B] - 1
When the engineisoff: P_; = [Pengine — Py — Pyr - PE_L] Npc

3.4. Hybrid Energy Storage System. The power requirement of
the integrated system is a variable during the different times of
the day. For supplying reliable energy, the integrated system
combines the hybrid energy storage system as its energy back
up to make up for the disadvantages of a distributed system.
The hybrid energy storage units consist of the lead acid
batteries and the supercapacitors in this research.

For optimal utilization of the energy stored in the energy
storage units, the size of the batteries and the supercapacitors
is calculated and selected.

3.4.1. Battery. The batteries have high energy density. It is
responsible for supplying enough electricity to load. The for-
mula which expresses the operation of the lead acid batteries
using state of charge as its variable is listed as follows [27]:

IBat (t) - At - MBat

SOC(t +1) = SOC(t) = SOC(t) - o + e ®

(13)

In the equation, o is the self-discharge rate of the battery
whose value is set as 0.2% per day. Cy,, is the capacity of the
battery.
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tested the engine with 5 types of oil which are shown in the
Figure 3 [27]. After fitting curve with the rests results, the
heat recovery rate from gas oil’s burning is modelled.

The heat recovery system is simulated as a black box using
a performance curve to fit the experimental results. There are
five operation points which are 10%, 25%, 50, 75%, and 100%
load. The available waste heat and the recovered heat energy
have a linear relationship based on curve analysis, and the
mathematical model is shown by the following equations:

P, = Pyygine X 0.364 +0.9676. (11)

Figure 4 shows the comparison of test results and the
simulation under different load conditions.

Based on the control strategy of this integrated system,
most of the recovery system’s operations are settled when the
engine is loaded over 60%. It indicates that the error of the
recovery system’s model is around 0.2% to 1.75%.

3.3. Cooling Generation. In this integrated system, the chiller
part consists of an adsorption chiller and the cooling gen-
eration appliance. The cooling generation is considered in
two situations: 1, when the engine is working, the adsorption
chiller absorbed the recovered waste heat to generate cooling
energy; 2, when the engine is off, the cooling is transferred
from the electrical appliance. The cooling power out is
shown in the following formula:

(12)

The detail parameters of the batteries and the super-
capacitor are shown in Table 3.

3.4.2. Supercapacitor. In this study, the supercapacitors are
selected for satisfying dynamic changing power demand. The
specifications of the supercapacitor are listed in Table 4. The
formula of the supercapacitor is displayed in the following
equation:

(14)

2W
E=——7.
VE

Here, ¢ is the dielectric constant, E is the electric field
intensity, and C is the volume of the supercapacitor.

3.5. ORC System

3.5.1. Working Fluid Selection. The ORC system integrated
in is designed for low-grade heat recovery. The ORC system
is driven by the waste heat absorbed from the engine. Several
key factors have the most significance on the ORC’s
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TaBLE 2: Energy output in the simulation.

Load of the engine (%) Engine efficiency (%)

Error (%)

Recovery rate simulation (%) Error (%)

0 0 0 0 0
10 7.8 1.13 35.36 0.079
25 16.36 0.36 35.38 0.025
50 24.3 0.41 35.39 0.027
75 27.53 0.82 35.41 0.138
100 28.5 1.42 35.44 0.137
50 ] TaBLE 3: Specifications of the lead acid batteries.
45 ] Parameter Mean value
’ Nominal capacity 200 Ah
4.0 A Nominal voltage 12V DC
—~ Depth of discharge 40%
E 35 1 Maximum state of charge 100%
\g 30 - Minimum state of charge 40%
Z Efficiency 85-95%
& 25 Self-discharge 20%/day
Temperature coeflicient 0.6%/°C
20 4 Lifetime 5 years
1.5 4 4
10 . . . . . TABLE 4: Parameters of the supercapacitor.
0 20 40 60 80 100 Parameter Mean value
Load condition (%) Capacity 63F
—m— Croton oil —v— Sunflower oil Voltage 125V DC
—e— Jatropha oil —— Gasoil Resistance 18 mQ)
Rapeseed oil Temperature —40-60
) Life span 100,000 hours
FIGURE 3: Recovered exhaust gas heat for cogeneration [27]. End of life reduction of capacity 20%
Maximum current 150 A
5.0 - L75% Maximum peak current 750 A
‘ Self-discharge 50%/30 days
45 -
4.0 properties as a good candidate for the ORC system. It also has
zero-ozone depletion potential, low toxicity, no flammability,
= 351 and applicable critical temperature and pressure. Therefore,
< 50 R245fa is selected as the working fluid in the ORC system. An
% ORC system contains several basic components: a heat source,
A 2.5 evaporator, turbine, condenser, and pump.
The waste heat recovered by this system consists of heat
207 from the exhaust gas and the coolant of the engine. For
15 achieving the highest efficiency during the heat transferring
process, the working fluid is selected as R245fa. This working
1.0 . . . . : fluid has lower ebullition temperature which has lower
0 20 40 60 80 100

Load condition (%)

—=— Experimental results
—e— Simulation results

FIGUre 4: Simulation results comparing with the experimental
results.

performance which are source temperature, working me-
dium, safety issues, and problem of degradation. For all the
working fluids, the ODP, GWP, R134a, and R245fa are ap-
propriate to be applied in a small-scale ORC [28]. R123a has
ozone depletion potential which leads to aggravate the global
warming. The R245fa has similar chemical and physical

evaporating temperature than water. Figure 5 shows the T-S
diagram of R245fa in an ORC cycle. The R245fa is pumped to
the evaporator, and its entropy and temperature are slightly
increased before entering the evaporator. When the working
fluid is leaving the evaporator, the entropy of R245fa in-
creases compared to its state before. After that, the R245fa
goes into the turbine, and the temperature decreases when
its entropy slightly increases.

3.5.2. ORC Model Building. Power output of the ORC
system is modelled in this study, and some similar ORC
system equations are also applied in the author’s former
research [26]:



R 245fa T-S diagram
180

160
140

120

100 - Evaporator. -

80

60 Expander: |/ .

Temperature (°C)

40

Pump " Condenser

20

0
095 1.05 1.15 125 135 145 155 1.65 1.75 1.85
Entropy (k]/kg‘k)

FIGURE 5: T-S diagram of R245fa.

WP = More (hz - hl) = w)
Mp
(15)
_ h25 - h1
l1p h2 _ hl >

where W, is the pump’s power; mgpc is the mass flow rate;
1, is the pump’s efficiency; and h,, h; are the inlet and outlet
fluid enthalpies.

er = Qro : E = M (h3 - hZ) (16)

Heat accepted by the evaporator is Q,; & is the evap-
orator effectiveness; Q,, is the recovered thermal energy; h,
are the enthalpies of the working fluid at the outlet of the
evaporator.

The process of the condenser is expressed by the fol-
lowing equation:

ch = More (hl - h4) (17)

In the equation, Q4 is the heat output of the condenser
and h4 is the working fluid enthalpy at the outlet of the
turbine.

The turbine power output is

Wt = More (h3 - h4) = Mgre (h3 - hZ)rlt’

(18)

In the equation, W, is the turbine output power and #;, is
the isentropic efficiency of the turbine.
The ORC system’s overall efficiency is

" _ w,-w, B (hy = hye)n, = (hay = hl)’?;:1
ORC er h3 _ hz >

(19)

W, =Qy Norcgen

where #gpc is the efficiency of the ORC system.
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The thermal dynamic module of the ORC system was
developed by the researcher from the same group. More
details can be found in this research [29]. In this study, a
general efficiency module is applied to represent the ORC
system’s ability of transferring low-temperature waste heat.

4. Case Study

The case study includes two parts of evaluation work on the
system performance. In the first case study, the system is
required to supply multitype of energy to a dynamic
changing domestic load. Simulation of supplying dynamic
load with this system is performed in a former research [26].
However, in this article, the energy supplying of the
supercapacitor is imported. It has higher accuracy and more
realistic power response compared to the former research.
Also, the selected domestic load includes new load from a
summer day and a winter day separately. In the second case,
the system is supplied to two sets of designed loads (six
scenarios of load) in two seasons. This article evaluates the
system’s performance of supplying energy to load through
the two case studies.

4.1. Case Study 1- High-Resolution Domestic Load Supplying
Simulation. The case study shows the optimised operation
of the integrated system meeting the power demand of a
domestic load in two seasons. The integrated system is
regulated to supply three energy products for two varying
loads for 24 hours. The load targets selected in this case study
show a seasonal difference on power demand.

In both simulations, the control strategy applies the
optimised FEL power allocating strategy. Electricity demand
gets the priority. The recovery heat is the available thermal
energy collected from the system. Part of the recovered heat
is utilised to supply cooling load. For household domestic
cooling load, in this case, the cooling load is a refrigerator.
The cooling load is simulated as a pulse-shape power de-
mand. The optimisation for the operation is applied in the
simulation which makes the operation time of the engine to
be optimised to a minimum value.

4.1.1. Summer Day Case. The first simulation is a summer
day load. The operation results are shown in Figure 6.

In Figure 7, wave A shows the power demand of the
domestic load on a summer day. The simulation results show
that the peak power demand is larger than the capacity of the
system. Throughout the simulations, the system’s capacity is
expanded by ##% with integrating the hybrid energy storage
unit. Wave B shows the engine’s operation. The engine is
regulated to operate only at the peak power demand period.
The supercapacitors respond to high-density power demand.
In the wave D, it only operates when the power demand and
power supplying have sudden change. The wave C shows the
power supplied by batteries which support most of the
power demand when the engine is not working. Part of low-
temperature waste heat is utilised by the ORC. This part of
thermal energy transmitted to the ORC is converted to
electricity which increases the energy utilisation efficiency.
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FIGURE 6: Five key parameters’ values are recorded during the operation of the integrated system with label A, B, C, D, and E. They are,
respectively, power demand, engine out, batteries operation, supercapacitors operation, and batteries’ state of charge.

During the system’s operation, when the engine is on, the
ORC system utilizes the low-temperature waste heat and
transfers them to available electricity. Based on the calcu-
lation of the results, the ORC contributes 2.3% electricity
which brings a 2.37% increment to the electrical efficiency.

The recovered waste heat is used to supply the thermal
demand. The specific thermal demand lacks data support.
Therefore, the heat consumption is an estimated value based on
the government’s data and the household’s energy consumption
pattern [30]. The thermal energy generated is 4.6 kWh, and it is
fully consumed to supply the thermal power demand. Most of
the waste heat is recovered for heat demand. The thermal energy
could be either stored in a heat tank or consumed directly to the
load. The system is flexible to deal with the thermal energy. The
simulation results show that 41% of available energy generated
by the system is consumed for heat demand.

An absorption chiller is integrated in the system for
satisfying cooling demand. The simulation results show that
the cooling energy demand of the selected domestic load is
4.32kWh. The cooling load is satisfied with 25.76% recov-
ered heating energy.

4.1.2. Winter Load. In the simulation, the power source of
the dynamic load consists of the engine and the waste heat
recovery system. Wave A shows the power demand in
Figure 7. The peak power demand cannot be satisfied by the
engine alone. The hybrid energy storage unit operates as an
auxiliary power supplier. In the simulation, energy storage
units supplement the energy gap when the peak energy
demand is larger than the rate power of engine. From the C
and D chart in Figure 7, large amount of electrical energy
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Figure 7: High-resolution simulation of the electrical energy supplying. (a) Electrical energy demand, (b) engine operation period, (c)
batteries charging/discharging, (d) supercapacitor charging/discharging, and (e) the tracking of batteries’ SOC.

was supplied by the batteries. The supercapacitors offered
certain amount of energy in short time to fulfill the dynamic
energy demand. Batteries’ state of charge started from 80%
and ends at 75% when the simulation ends.

The ORC system in this simulation produces 0.38 kWh
with the heat source recovered from the engine. The op-
eration of the ORC system makes the trigeneration to have
higher conversion rate on the waste heat energy. The
electricity supplied by the ORC system takes up 2.4% of the
total dynamic energy demand.

When the recovery heat is used to generate the
electricity, the supplying of the heating demand is af-
fected. In this case, as the efficiency of the recovery heat is
higher than that of the ORC system, using certain
amount of the recovery heat for electricity generation is
under the condition that the heat demand is sufficiently
supplied.

The heat demand is fulfilled by the recovered waste heat.
The energy consumption is an estimated value which is in a
reasonable range. The winter day load consumes 5.7 kWh of
heat. Most of the waste heat is used for thermal demand. Part
of low-temperature waste heat is transmitted to the ORC for
electricity conversion.

The cooling energy consumption is 0.62 kWh in this case
which is supplied with 2.7% recovered heat.

4.1.3. Summary of the Two Simulations. Information of the
simulation results is displayed in the Table 5. In the two
simulations, the energy demands are similar, which are
12.92 kWh and 15.98 kWh, respectively. The energy demand of
the target residential household has larger energy demand on a
winter day than on a summer day. The engine is designed to
operate at a shortest time to save energy. The integrated system
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TaBLE 5: Key parameters displaying in the two set of simulations.

Summer day Winter day
Electrical energy demand 12.92kWh 15.98 kWh
Energy supplied by the engine 8.93kWh 11kWh
Energy supplied by energy storage units 3.68 kWh 4.59kWh
Electricity generated by the ORC system 0.307 kWh 0.38kWh
Cooling energy demand 4.32kWh 0.62 kWh
Heating demand* 0.5kWh 5.7kWh
System capacity enhancement 11% 9.20%
Energy consumed by the integrated system 27.4kWh 32.5kWh
Energy consumed by the separate system 51.7kWh 53.92kWh
Overall system efficiency 35.70% 42.70%
Efficiency enhancement compared to the separate system 47.00% 39.70%

*Part of thermal demand is supplied by electrical energy; that is why the thermal demand is smaller than normal residential cases.

satisfies the energy demand in both cases with the engine only
operating at peak times. During the long off-peak time, the
energy storage units supply the energy demand to the load. The
ORC system transferred part of the waste heat energy to
electricity. Limited by the heat source, the ORC system only
generates a small amount of energy in these two cases. Al-
though the ORC system enhances the system energy con-
version ratio based on the results of the simulations, stable heat
sources are necessary to have high economic efficiency. The
electrical energy storage units are important in the simulation
for expanding the system’s capacity and enhancing the system’s
stability. With the energy storage units, the trigeneration
system has the ability to supply load larger than the engine’s
rate power.

The amount of energy supplied by the engine was
8.93kWh in summer and 11kWh in winter. At the same
time, the energy storage system only supplied 3.68 kWh in
summer and 4.59 kWh in winter. It indicates that the energy
storage system operates as auxiliary supplied in the electric
part of the trigeneration system. Combined with the energy
storage system, the energy supplying has little waste. The
calculation results from the generator output and energy
consumption, and the efficiency enhancements of the system
are 47.00% and 39.70% in this case study. In the energy
storage system, the lead batteries have high energy capacity
compared to the supercapacitors. The maximum error of the
two sets of simulation is 2.42% and 2.15%. The average
simulation errors are controlled in 1.85% and 1.79% in two
sets, respectively.

4.2. Case Study 2- the Optimisation Process on Several
Scenarios. Aiming at a comprehensive evaluation on the
system’s performance, various scenarios of load are
designed for the system’s performance assessment. The
cooling, heating, and electricity loads on typical summer
and winter days under different conditions are given in
the Figures 8 and 9. In the simulation, the loads are
designed to two groups. The first groups are loads for
applications on typical summer days. The second groups
are loads designed for applications on typical winter days.
Unlike in domestic summer load and winter load, more
complex requirements on the heating, cooling, and
electricity are selected in this case study. The energy

consumption in the scenarios come from the cooling,
heating, and electricity loads profiles for industrial,
commercial, and residential areas. The system simulated
in this research has the power rate same as that in case
study 1. Using the system to supply a wide range of loads
gives a comprehensive evaluation on the system’s
performance.

4.2.1. Optimisation Results of Case Study 2. Table 6 shows
the simulation results of the system’s optimised opera-
tion. Simulation results from the 6 scenarios give a
comprehensive evaluation on the system’ performance.
Scenario one, scenario two, and scenario three simulate
the system’s operation on a summer day. The other three
loads are designed for energy supplying in a winter day.
The later three simulations investigate the system’s
performance on a winter day. During the system’s sim-
ulation, the ORC system supplied about 10% of the
electric energy demand. In the different scenarios, the
energy storage units improve the system’s capacity sig-
nificantly. The minimum value was in scenario 5 (41.5%),
and the maximum value is in scenario 6-64.15%. After the
optimisation process, the system’s engine operated with
less time, and the system’s overall efficiency is improved
in each scenario. Based on the optimisation results, the
engine is controlled to operate with full power rate with
minimum time to satisfy the load.

Different from the previous simulation of the tri-
generation system, short time of the engine’s operation
with full power rate improves the electric efliciency of the
system. The optimisation process converts more energy to
electricity from the fuel, and the higher electricity effi-
ciency contributes to the system overall efficiency. In the
first three scenarios, the overall efficiency is lower than
that in the last three scenarios. The load on a typical
summer day needs more cooling energy, which is the weak
part of the system. The cooling energy in this system is
transferred from the recovery heat. It limited the cooling
energy conversion efficiency, which is the fundamental
reason why the system’s efficiency is low in the first three
scenarios. In the last three scenarios, the system generated
more heating and electricity which make the overall ef-
ficiency higher.



12

Complexity
Scenario 1 Scenario 2 Scenario 3
12 | 12 -
11 10 A
—~ 10 1 —~ —~
< 1 < <
s 74 = =]
I} s 6 <
g 61 g g
< 5] < <
54 ] w4 [
15 15 L
: 5] : :
o o o
2 a2 4 &
1
0 0
5 10 15 20 5 10 15 20 5 10 15 20
Time (h) Time (h) Time (h)
I Cooling Il Cooling Bl Cooling
Bl Heating Bl Heating Bl Heating
[ Electricity [ Electricity [ Electricity
FIGURE 8: System energy supply information of scenarios 1-3 (designed for summer load).
Scenario 4 Scenario 5 Scenario 6
12 12
§ 2 10 § 10
= ) =
S =SER =
g g g
g g 61 E 6
(] L [
< < <
) g 4 T 4
2 ES 2
=} =) =}
(a9 (=9 2 (=¥ 2
0 0
5 10 15 20 5 10 15 20 5 10 15 20
Time (h) Time (h) Time (h)
Il Cooling I Cooling I Cooling
Bl Heating Bl Heating Bl Heating
[ Electricity [ Electricity [ Electricity
FIGURE 9: System energy supply information of scenarios 4-6 (designed for winter load).
TaBLE 6: Optimisation results summary table.
Scenarios Scenario 1 ~ Scenario 2 Scenario 3  Scenario 4  Scenario 5  Scenario 6
Electrical energy demand (kWh) 58.92 93.47 72.21 49.49 113.14 40.461
Heat demand (kWh) 14.44 0 16.35 101.22 43 173.77
Cooling demand (kWh) 123.42 55.46 87.13 27.56 0 0
Electrical energy generated by the engine (kWh) 68.87 52 61.49 62.4 58.73 74.95
Energy supplied by electrical energy storage (kWh) 20.04 24.3 37.48 27.04 46.8 12.61
Energy supplied by the heating storage unit (kwh) 38.52 10.6 0.99 47.31 9.46 0
Energy supplied by the ORC system (kWh) 4.48 3.37 4 4.06 3.56 4.88
System capacity enhancement (%) 63 47.01 64.61 55.10 41.50 64.15
Engine operation time (h) 10.55 8 9.46 9.6 8.41 11.53
Energy consumption amount (kWh) 196.79 148.93 175.7 178.28 156.13 214.23
Overall efficiency (%) 33.49 36.13 34.92 49.51 43.7 56.53
Efficiency enhancement (%) 3 3.18 2.85 17.11 8.98 22.35
5. Conclusions and 42.70%. There is over 40% efficiency enhancement

compared to conventional separate production systems.
Besides that, in the simulations, the optimisation process
saves 3.61 kWh and 1.86 kWh in the summer case load and
winter case load, respectively, compared to the original
control strategy applied.

This study describes a detailed study on the optimisation of
the operation of the integrated CCHP system.

In the first case study, the proposed system supplied the
complex power demand with the overall efficiency 35.70%
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In the second case study, several designed scenarios of
loads are the power demand in the evaluation process of the
system. The loads show a random energy consumption on
typical summer days and on typical winter days. The overall
efficiency varies from 33.49% to 56.53% in the 6 scenarios.
The simulation of supplying the designed load and pro-
cessing the optimisation on the system shows that the
system’s energy performance is enhanced from 3% to
22.35%.

This study shows that the idea of this integrated system is
an efficient solution of multienergy products generation.
Although this structure of the energy system has the ability
of handling the dynamic power supplying with flexibility,
more energy source is suggested in the future research.

5.1. Future Work of This Project

(1) As an oft-grid energy system, the wind turbine, and
the photovoltaic panel have great potential to supply
green energy to the new designed CCHP system.
More energy sources are looking forward to being
integrated in.

(2) A more detailed thermal dynamic analysis about the
system’s thermal energy supplying will be carried on
in the future work.

(3) The control strategy of the system has potential to be
improved. In the future work, the intelligent algo-
rithm will be added in for more flexible and efficient
energy distribution.

Nomenclature

Pt Fuel consumption (primary energy consumption)
of the trigeneration system

Pepgine:  Power output of the engine generator

o Power output of the energy storage system

Py Power output of the supercapacitor

Py Power output of batteries

Proap:  Electrical power demand (load)

Py Power output of the recovery system

Pr_gr: Power output of the thermal storage system

Pgrpe Power consumption of transferring from
electricity to thermal energy

Pre: Power consumption of cooling generated by
electricity

Pog: Power generated from the ORC system

Por: Rate of low level heat from the ORC

Porc: Power output of the ORC system
Po_; Cooling load
P: Electrical output power
SOC:  Batteries’ state of charge
te: At the end of operation time
Cy: Batteries’ capacity
% Power of the pump

¢ Evaporator effectiveness

Q Heat obtained by the evaporator

Q. Recovered thermal energy

E: Generated Electromotive Force (EMF) in volts

13

Air gap flux per pole in webers

Q: Angular velocity in radians per second

T Developed torque in Newton-meters

T Armature current in amperes

K: Constant for the given machine

n: Electrical efficiency of the engine

e Efficiency of recovery heat transferring to cooling
energy

Myt Efficiency of the pump

Hengine:  Efficiency of the engine

Mrecovery: Efficiency of the recovery process

Horc:  Efficiency of the ORC

% Ratio of recovery heat transferring to thermal load
supplying

B: Ratio of recovery heat transferring to cooling
supplying

o: Self-discharge rate of the battery

Npat: Electricity efficiency of the battery

& Dielectric constant

E: The electric field intensity

C: Volume of the supercapacitor

t': Optimised

Mmope:  Organic fluid mass flow rate

W, Turbine output power.
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