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Conceptual design and dynamic performance evaluation of a
biomass fueled micro-CCHP driven by a hybrid Stirling and

ORC engine: a techno-enviro-economic assessment.

Godfrey T. Udeh®", Stavros Michailos®, Derek Ingham®, Kevin J. Hughes®, Lin Ma®,
Mohamed Pourkashanian®

a. Department of Mechanical Engineering, Faculty of Engineering, University of Port
Harcourt, Nigeria.
b. Energy 2050, Department of Mechanical Engineering, University of Sheffield,
Sheffield, S3 7RD, United Kingdom.

Abstract: Stirling engines (SE) offer good part load performance and high heat sink
temperatures which make it a suitable candidate to serve as a prime mover in micro-
combined cooling, heating and power (u-CCHP) applications. In this study, a novel u-CCHP
configuration hybridising a SE prime mover with an ORC to utilise the waste heat from the
SE to produce additional power is proposed. Additional waste heat was recovered from the
flue gas to dry the biomass feedstock, fire a thermal chiller and produce hot water. Further, a
non-ideal thermal model was formulated and implemented in MATLAB to model the SE
prime mover while the models of the other subsystems were implemented in Aspen plus®.
Also, the control of the subsystems of the u-CCHP was achieved in MATLAB by
establishing a connection between the software and Aspen plus®. A detailed sensitivity
analysis was conducted to study the influence of cooling and heating loads, rotational speed
of the prime mover and quality of the biomass fuel on the energy utilisation factor, primary
energy savings (PES), CO; emissions reduction (CO2ER) and exergy efficiency of the u-
CCHP system. It was found that hybridising SE and ORC increased the power output and
thermal efficiency of the standalone SE by 66% and 63.4%, respectively at its operating
speed of 2500 rpm, and also improved the performance at high rotational speeds. Further, the
deployment of hybrid prime movers in the design of the u-CCHP yielded high PES and
COzER of 55% and 43%, respectively when the system utilised woodchips fuel containing
10% moisture. The proposed energy system performs better than conventional energy
systems producing only one energy vector over a wide range of engine frequencies, cooling

ratios and woodchips compositions.

Keywords: Poly-generation; Micro-CCHP; Stirling engine; Waste heat recovery; Biomass drying.
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1. Introduction

In the face of rapid depletion of energy resources even as the global energy consumption
is rising, deliberate efforts are being made to efficiently utilise the available fuel energy. In
this regard, contemporary and future energy systems are being configured in the form of a
poly-generation energy system to simultaneously generate cooling, heating and electricity,
from a single source of fuel energy. These energy systems offer improved performance
compared with standalone systems since a single energy source is converted to multiple
energy vectors [1]. They could also be installed close to the end-users; thus minimising the
losses inherent in transporting useful energy such as electricity or heating, over long
distances. For these reasons, poly-generation energy systems are becoming attractive in
decentralised energy solutions and are making strong inroads into the European energy mix
[2,3]. They are being deployed in the form of a combined heating and power (CHP), cooling
and power (CCP) or cooling, heating and power (CCHP) system configurations.

In CHP, CCP and CCHP energy systems, internal and external combustion engines such
as Stirling engines, diesel engines, micro-turbines, organic Rankine cycle (ORC) engines and
fuel cells [4,5] serve as the prime movers. These prime movers are selected based on the ease
of maintenance, cost, electricity, heating and cooling demand, local pollution and electrical
efficiency [6]. Among them, the Stirling engine has some fascinating features. Similar to the
ORC, it can utilise multiple clean energy sources of low, medium and high grade quality [7].
Stirling engines, however, have good part load performance and high heat sink temperatures
[8]. In addition, they produce less noise in operation, low vibration and are easier to maintain
[9]. Consequently, Stirling engines have become the subject of intense studies in recent times
for deployment in poly-generation. Several recent studies have been undertaken on the
modelling and optimisation of decentralised poly-generation energy systems driven by the
Stirling engine.

Chahartaghi and Sheykhi [10] compared the energy, exergy, environmental and economic
performance of a Stirling engine driven CCHP system working with hydrogen and helium
gases. They formulated models to assess the primary energy savings (PES), emissions
reduction (ER) and fuel consumption reduction of the system compared with traditional
separate cooling, heating and power (SCHP) systems. They found that this system performed
better than the conventional SCHP systems especially at low and medium speeds of rotation
of the prime mover and for the engine working with hydrogen gas. Similarly, Chahartaghi et
al. [11] modelled a CCHP energy system comprising two beta-type Stirling engines, a single

effect absorption chiller and a domestic water heater. They investigated the tri-generation
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primary energy savings (PES) and CO: emissions reduction (CO2ER) of the system as a
function of some of the operating and geometrical parameters of the engine and recorded
PES and CO2ER of 29.47% and 36.22%, respectively compared to the conventional SCHP
systems. Karami and Sayyaadi [12] evaluated the techno-enviro-economic performance of a
Stirling engine driven CCHP system in four different locations with distinct climatic
conditions. They reported cost savings in most locations using their proposed system, with
the exemption of one location characterised by extremely hot and humid weather.

In principle, the electrical efficiency of a thermal power plant can be enhanced by
utilising the onsite available waste heat in another power cycle; this concept is known as
topping and bottoming cycle integration. Several ingenious attempts have been made to
improve on the performance of the Stirling engine by deploying this approach [13—18].

Balakheli ef al. [13] evaluated the PES, CO2ER and fuel cost reduction (FCR) of a CHP
system, driven by a hybrid of an IC engine and Stirling engine that utilised the exhaust waste
heat from the former. They reported 42% PES, 46.6% reduction in CO2ER and 79.3% in FCR
compared with a CHP system driven by an IC engine only. Bahrami et al. [14] reported that
combining the Stirling engine with the ORC could yield 4-8% increase in its thermal
efficiency. Similarly, Korlu et al. [15] deployed a Stirling engine as the bottoming cycle to
increase the performance of a gas turbine [15]. They utilised the exhaust of the gas turbine to
fire the Stirling engine, which led to improving the efficiency of the gas turbine from 23.6%
to 38.85%. Entezari ef al. [16] conducted energetic, exergetic and economic optimisation of a
gas turbine and Stirling engine combined power plant. They found a 16.1% increase in the
exergy efficiency, 68.5% increase in the net power output and 10.3% decrease in the
levelised cost of energy in the combined power plant compared with the standalone gas
turbine plant. The Stirling engine has also been used to improve the electrical efficiency of a
solid-oxide fuel cell (SOFC) [17]. Chitsaz et al. [17] reported that the energy efficiency of the
standalone SOFC system improved by 24.61% by hybridising it with the Stirling engine.

Further, the plant management scheme and the nature of the load a CCHP system is
designed to meet have been reported to affect the size and the performance of the system [19—
22]. Kaldehi et al. [22] modelled an alpha-type Stirling engine driven micro-CCHP system by
considering the electrical load following and the thermal load following as the plant
management scheme while the overall efficiency was used to determine the capacity of the
system. It was found that 40% reduction in CO; emissions can be achieved by deploying their
energy system, whilst the energy system gave electrical and thermal efficiencies of 34% and

64%, respectively. Maraver et al. [20] investigated the impact of cooling ratio, i.e. the ratio of
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the cooling load to the sum of the cooling and heating loads on the performance of a CCHP
system fired by biomass fuel which will use either the absorption refrigeration system (ABS)
or adsorption refrigeration system (ADS) to meet the cooling load demand. The authors
reported higher artificial thermal efficiency (ATE) values when the system serviced more of
the heating load demand compared with the cooling load.

It is evident that hybridising the Stirling engine with other prime movers such as the ORC
could help increase the performance of a standalone Stirling engine and may offer improved
performance in a micro-CCHP configuration. However, there are few studies that deployed
hybrid Stirling engine and ORC as the prime movers particularly in micro-CCHP systems
and examined in details the system’s performance at various rotational speeds of the prime
mover. In this paper, as our first contribution, we investigate the thermodynamic benefits
(power output and efficiency) of deploying hybrid Stirling engine and ORC as the prime
movers for a micro-CCHP system at different rotational speeds of the Stirling engine.

Several other research efforts have focused on comparing the performance of micro-
CCHP systems when fired by different biomass feed stocks [23-25]. Damirchier al. [23]
conducted experiments to investigate the technical viability of using bagasse, pruned wood,
poplar, switch grass and saw dust to fire a micro gamma Stirling engine driven CHP plant.
They found that saw dust produced the most electrical power when used to fire the engine
while pruned wood offered the least power. The authors, however, did not investigate the
impact of the quality of the feedstock on the performance of the cogeneration system. Also,
Cardozo and Malmquist [24] investigated the impact of fouling of the heaters of the Stirling
engine on the performance of a Stirling engine driven micro-CHP plant that is fired by
bagasse and woodchips. They found that the plant produced comparable power outputs for
both biomass fuels although lower CHP efficiency was achieved when fired with bagasse
pellets compared with woodchips because of the higher ash content of the former. Harrod and
Mago [25] investigated the performance of a biomass fuel energised CCHP engine driven by
a Stirling engine operating at constant efficiency, and meeting constant thermal heat load.
They reported cost savings of up to 50% when using woodchips compared with using natural
gas.

From the presented literature, woodchips is a promising biomass fuel for firing micro-
CCHP systems especially for remote off-grid locations. Unfortunately, in the tropical
climates characterised by a fair share of wet and dry seasons, it may be difficult to obtain dry
woodchips feedstock all year round. High moisture content is undesirable in woodchips fuel

as it could lead to the reduction of the adiabatic combustion temperature of the flue, the
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increase in the residence time in the combustion chamber and consequently, a rise in the
emissions [26]. To solve this problem, as our second contribution in this paper, we propose
in-situ drying of the feedstock with the waste heat from the CCHP. It will be instructive to
investigate the impact of achieving different levels of dryness for the woodchips using the
exhaust waste heat from the biomass combustor on the performance of a micro-CCHP plant
driven by a hybrid Stirling engine and ORC prime mover. To the best of our knowledge,
there are no available records of studies in the literature, commissioned to fill this vital
research gap.

Therefore, for the first time we investigate the detailed dynamic performance of a beta
Stirling engine driven CCHP system with an ORC as the bottoming cycle, and utilising the
exhaust waste heat to dry the biomass feedstock, produce cooling in an ARS and hot water in
a domestic boiler. This study has four main pillars: concept development, modelling,
assessment and interpreting of results through a sensitivity analysis.

The new innovative contributions of this study relative to previous studies are
summarised in the following points:

e Proposing a novel CCHP configuration with a hybrid prime mover: Stirling engine and
ORC; for combined power generation.

e Recovering exhaust waste heat from the Stirling engine cooler; to produce additional
power from the ORC bottoming cycle and from the absorber and condenser of the thermal
cooler, and the degraded waste flue; to simultaneously produce cooling and heating.

e Investigating the impact of the cooling ratio on the primary energy savings, exergy
efficiency, energy utilisation factor, artificial thermal efficiency, and CO, emissions
reduction of the novel CCHP system at different rotational speeds of the Stirling engine
prime mover.

e Studying the impact of the quality of the biomass fuel on the system’s key performance
indicators at different cooling ratios and rotational speeds of the prime mover.

This paper has been structured as follows: In Section 2, we present the schematic of the
proposed micro-CCHP and describe the modes of operation of the system. In section 3, the
mathematical models of the subsystems of the proposed system are formulated and the
algorithm for their integration is presented. Section 4 presents the validation of the
subsystems of the proposed micro-CCHP. While in Section 5, we present the main results of
this study for the thermodynamic benefits of hybridising Stirling engine and ORC and the

sensitivity analysis that examines the impact of the cooling ratio and quality of the biomass
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on the system’s key performance indicators. Finally, in Section 6, we present the concluding

paragraphs of this paper stating the key findings and its application.

2. Description of Hybrid Stirling and ORC micro-CCHP

In this section, we present the detailed description of the micro-CCHP (u-CCHP) system,
showing how the subsystems are connected in a process diagram. The decentralised u-CCHP
system comprises six main subsystems which are: biomass dryer (BMD), biomass combustor
(BMC), Stirling engine (SE), organic Rankine cycle (ORC), single effect vapour absorption
refrigerator (VAR) and domestic water heater (DWH). The system components are
represented in the process diagram shown in Fig. 1 and Fig. 2, while Fig. 3 is the
thermodynamic process diagram of the hybrid SE and ORC engine. The SE prime mover is a
beta-type engine with a rated power of 3 kW while the ORC engine has a rated power of 2.2
kW.
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183 Fig. 1. Schematic of the proposed hybrid Stirling engine and ORC bottoming cycle driven u-CCHP system.
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Fig. 3. TS diagram of the theoretical hybrid Stirling and ORC engine cycle.

Woodchips is admitted into the BMD at state 1 and dried using degraded waste flue
exiting the SE heater (state 7). At the end of the drying process, the resulting dry woodchips
now at state 3 is fed into the BMC, where it mixes with inducted air, at state 5 and is
combusted. The flue produced after combustion at state 6B is piped in counter flow to the SE
heater. It heats up the working fluid in the tubes of the SE heater and exits the heater at state
7. Meanwhile, the waste heat rejected by the SE cooler during the engine’s isothermal
process is readily absorbed by the organic working fluid of the ORC, in a cooler/evaporator
configuration. This waste heat is used to vaporise the working fluid of the ORC which then
drives the blades of the turbine to produce additional electric power. The hybridisation of the
SE and ORC yields a combined power configuration that is intended to improve and stabilise
the electrical power and efficiency of the prime mover over its operating speeds. The low
quality waste heat after the drying process at state 8 is piped to the desorber of the ARS to
heat up the lithium bromide-water solution and produce some cooling in the evaporator of the
thermal chiller. It is then sent to heat water in the DWH at state 9 before going to stack at
state 10. In this design, the water sent to the DWH is pre-heated by picking-up the waste heat

from the absorber and condenser of the ARS, which serves as an economizer.
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The system described so far has been designed to minimise the loss of useful exergy in
the system. Hence, it is expected to yield improved thermodynamic, economic and

environmental benefits.

3. Formulating the mathematical models

Here, the mathematical models required to predict the performance of the subsystems of
the u-CCHP will be developed stating the assumptions made. Only the mathematical models
for the SE are presented in this section. The models and solution approach implemented for
the ORC, ARS, woodchips drying, combustion and domestic hot water production will be
presented in a later section.
3.1.  Stirling engine model

In a previous study, Udeh et al. [27] developed a non-ideal thermal model of the Stirling
engine to predict the performance of the experimental engine. This model is obtained by
coupling the losses in the engine to the ideal adiabatic model. In this study, the following

assumptions were made to develop the model:

e The thermodynamic processes in the engine attained steady state at the end of a cycle
of its operation.

e The engine is operating at a fixed speed.

e The working fluid is treated as a perfect gas and obeys the ideal gas law.

e The potential and kinetic energy of the working fluid exerts the same influence at the
inlet and outlet of a control volume.

e The heater and cooler are maintained at a constant temperature as it exchanges heat

with the working fluid.

Piston space, ¢ Cooler, k Regenerator, r

Heater, h Displacer space, e

Fig. 4. Schematic diagram of the control volumes of a typical Stirling engine [28].
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The SE has been divided into five control volumes (CV) which includes the piston (cold)
space, cooler, regenerator, heater and displacer (hot) space, represented in the schematic (
Fig. 4) by single suffixes, ¢, &, r, h and e, respectively. In addition, double suffices, ck, kr, rh,
he, ce, and leak represent the interfaces between the cold space — cooler, cooler — regenerator,
regenerator — heater, heater — hot space, hot space — cold space and leakage into the
crankcase, respectively. The equation of state, mass and energy conservation principles have
been applied to each of the CVs to obtain the instantaneous flow of internal energy in the
engine components.

The flow energy equation applied to any CV if we account for the losses in energy due to
the pressure drop in the heat exchangers, leakage of energy into the crankcase, shuttle heat
loss, leakage of energy via the displacer clearance, and several other work losses is given as

[27]:

1)
o (Qideal,j - Qsh - Qdisp - Qcond - Qr,non—ideal - Qleak)
ot

= {(micp,iTi - mocp,oTo)

é
+ E (VVideal,j — Whech.fric. = West — Whyst. - Wpdrop)
d

+c, T (mT)}

(1
Based on Eq. (1) and other constitutive equations, the set of governing differential

equations of the SE have been developed and summarised in Table 1.

8Qsh
5t

The term, which is the instantaneous rate of heat loss by conduction as a result of the

shuttle of the displacer from the hot space to the cold space is given as [29,30]:

8Qsn  0.4Z4°kqDy
St Julg

(Te = To) )

On the other hand, the mass loss through the displacer gap into the cold space, m. and

that lost to the crankcase of the engine, ., have been expressed respectively as [31,32]:

Ji Bpce
e = D Uglq — 24— 3
Mee L d4Rche< d]d 6,ug Ld ( )
m =D P + DPouffer U ] _ Ep — Pbuffer (4)
leak =P ap. T, \MP6p, L,

Egs. (2) - (4) which model the first category losses in the engine were coupled to the

traditional adiabatic equation, resulting in the set of equations presented in Table 1.
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Table 1. Governing equations of the non-ideal thermal model of the Stirling engine [27].

p= mRy
(o by )
Tc Tk T, Th Te
C C
6Qsn — éPch — CpTeedMee 6Qsh + éPdVe — CpTeedMee
T - T + dmleak
dp _ pick p‘he
- V., v 14 V V
e 4k ry Chy e
YTek Tk T Th VThe
PV; .
m; =RT ,(i=ck,1,he)
gli
‘p Cy
5Qsh + R_pdVe + R_Vedp - CpTcedmce
dmg = £ £ + dme,
CpThe
8Qsn — ZpdV,— 2V.dp — c,Teed
Qsh Rp c R cap Cp ce@Mece
dm, = — £ & —dmg,
CpTCk
dp; .
dm; = mi?,(l =ck,r,he)
i
dmgy = —dm, —dmg,

dmy. = dm, —dmc,
dmy, = dmg —dmy
dmg, = dmye + dmy
if mg >0,Ty =Ty elseTy =T,
if Mee >0,Tee =T else, Tee =T,
if My >0,Tye =Tiselse, Tir =T + (1 — &) (T — Ty)
if M, >0, Ty =Ty — (1 — &)(Tyy — Tyo); else, Ty = Ty
if mp,>0,Ty,, =Ty elseTy, =T,
dv; dP dm

—+
Vi P m;
C'U

dTl-=Tl-< ),(i=c,e)

8Qquasi-idealx = R Viedp + cp(Ta(dme + dmee) — Ty (dm + dmee + dmy))
g

C'U
5Qquasi—ideal,r = R_Vrdp
g

+ Ckar((dmc + dmg, +dmy)
— T (dme + dmee + dmy + dmh))
C
8Qquasi-ideath = R—vVth
g

+cp (Trh(dmC + dm, +dmy +dmy) — The(—dme))

oW, =pdl,
oW, =pdV;

R

g

Total pressure of the working fluid

Variation of pressure in the engine

Working fluid mass in the engine CVs

Change in the mass of working fluid

Interfacial mass flow of engine fluid

Conditional temperature variation

Variation in temperature in the CVs

Heat lost from cooler

Heat stored in regenerator

Heat gained in heater

Expansion work done by displacer
Compression work done by piston

3.1.1. Heat and work losses in the SE
3.1.1.1. Heat losses

a. Dissipation loss: Some internal energy of the engine fluid is dissipated in the form of heat

as it flows through the tubes of the heat exchangers, and this is due to the internal friction.

This loss is determined from the pressure drop in the CVs of the engine.

b. Conduction loss: The regenerator wall is maintained at the bulk temperature of the heater

and cooler walls. Heat will flow from the walls of the regenerator to the surroundings
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because of the temperature difference, and would lead to the loss of the internal energy of
the engine fluid.

Heat leakage loss to the buffer space: A considerable amount of the engine fluid is lost to
the crankcase, as a result of the favourable pressure gradient between the crankcase and
the engine cylinder. This will be accompanied by the loss of some useful energy in the
engine fluid to the crankcase.

Non-ideal heat transfer losses: In the SE, a regenerator is used to minimise the energy
added to the engine, by storing some of the internal energy of the engine fluid. In
principle, it is expected that all the energy stored in the regenerator will be recovered to
fire the engine. However, only a fraction of this energy can be recovered in practice. The
amount of energy recovered in the regenerator is defined by its effectiveness; a variable

that depends strongly on the geometry and nature of the flow through the regenerator.

3.1.1.2. Work losses

a.

Work loss due to pressure drop in the exchangers: The internal walls of the heat
exchangers offer some resistance to the free flow of the engine fluid. As a consequence,
there will be variations in the pressure of the fluid in these engine components which will
lead to work loss. This loss is determined by the flow regime in the heat exchangers of the
engine.

Loss due to finite speed of the displacer: The pressure of the engine fluid around the
displacer during its compression and expansion processes differs from the mean pressure
in the engine. Hence, more work is produced in the actual engine during its compression
process and less work in the expansion process, leading to loss in the net work.

Gas spring loss: When subjected to compressive and expansive forces, the engine’s
internal gas may begin to act as a spring. Some energy will then be stored in the engine
fluid which will be dissipated during its expansion, leading to some loss in the work in
the engine.

The losses described so far can be estimated using the following expressions summarised

and presented in Table 2.

The actual heat lost by the cooler and added to the heater, respectively are expressed:

Qactual,k = Qquasi—ideal,k + Qcond - Qr,non—ideal + Qleak + Qdiss,total (5)

Qactual,h = Qquasi—ideal,h - Qcond + Qr,non—ideal - Qleak - Qdiss,total (6)



14

290  Table 2. Second and third category losses in the non-ideal thermal model with many losses.

Second category (heat) losses

Apim; Dissipation loss [28,30
Quaissi = — 2 (i = k7, ) P [28.30]
Pg
Qcond = Reond (Twh — Twi) Conduction loss[33]
Qreak = MyearCplc Heat leakage loss to the buffer space [27]
Qrnon-ideal = Qr,ideal(1 — &) Non-ideal heat loss in the regenerator[27]
_ NTU Effectiveness of the regenerator[27]
" NTU+1
NTU = ( 4Nu ) e Number of transfer units[34]
RePr/ dy,;
d. = Ayoiar Hydraulic diameter[27]
hr Awetted,r
Nu = (1+ 0.99(RePr)06%)p17° Nusselt number [35]
Third category (work) losses
_ Work loss due to pressure drop in the
Woarop = f Z ApidVe exchangers [28,30]
i=k,r,h
2f Vi :
Ap; = fllzll A= kohr) Pressure drop in the heat exchangers [27]
di;A;
16 Re <2000 Cooler and heater frictional factors [28]
fi =14 7.343 x 10" *Re13142 2000 < Re < 4000, (i =k, h)
0.0791Re®7> Re > 4000
fr =54+ 1.43Re%78 Regenerator frictional factor [36]
[3yu Aps Loss due to finite speed and friction in
WFST & mech fric = f Pcylinder <i_ C P t Pi av bean'ng[37]
cylinder
Ny Pressure drop in the bearing[38]

Apr = 0.97 +0.15 7

Gas spring loss [28]

, 1 178%
WHyst = ﬁw)/S(y - 1)Twpmeankg <2_VT) Awetted
291
292 On the other hand, the brake power of the engine is obtained from the following

293  expression:

Wactual = {{§ (pedVe + pchc)} - WFST&meCh fric — Wpdrop}Freq - WHyst (7)
294 Therefore, the SE thermal efficiency is given as:
Wactual
Nstirling = S (8)
Stirling Qactual,h
295 Please refer to the literature in Ref. [39] and [32] for the expressions and correlations used

296  to update the temperature of the cooler and the heater, at the end of each cycle, and the heat

297  transfer coefficients of the heater and cooler, respectively.
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The exergy audit of the SE has been conducted by employing the Second law as
presented in [40—42]:

Zo(l_%)_ZQ(I_%)_ZW+Z”I"_ZM=’irr €))

L o

In this expression, x, the specific flow exergy is expressed as x = (h — hy) — T, (s — so).

3.2.  Aspen plus modelling of CCHP subsystems

Aspen plus® is a Fortran-based process modelling program that has been extensively
used in modelling various processes such as energy systems and refineries. It has a large
library of properties of several chemical compounds. In addition, there are custom blocks of
commonly used process system components in Aspen plus® which can be easily connected,
using materials, heat and work streams [43]. This robust software has been used in the past to
model some of the subsystems of the proposed u-CCHP and the results obtained were
comparable to that of other modelling tools, such as the engineering equation solver (EES).
Hwang et al. [44] reported a relative error of 1.5% in the results obtained from their Aspen
model of the lithium bromide/water ARS compared with that from the EES.

In Aspen plus® modelling, the thermophysical properties of the working fluid are
determined based on the equation of state; for a pure substance or activity coefficient
methods; for non-ideal mixture of solvents [44]. Here, we have used a combination of the
Peng-Robinson and the steamNBS as the equation of states to model the conventional
components and pure water, respectively. On the other hand, the electrolyte non-random two
liquid (ELECNRTL) — an activity coefficient method in Aspen plus® has been used to model
the lithium-bromide/water solution. It is also required to define the stream class in Aspen
plus® before specifying the streams. In this simulation, we used the MCINCPSD which is
compatible with mixed, conventional inert solid with particle size distribution (CIPSD) and
non-conventional solids with particle size distribution (NCPSD) streams as the global stream
class. The detailed description of the Aspen plus modelling for the various subsystems are
undertaken in the following.

3.2.1. Woodchips drying

Here, woodchips drying has been achieved with the aid of the dry reactor (DRY-REAC)
and separator (DRY-FLSH) blocks. In the DRY-REAC, some of the volatile components in
the woodchips (e.g. moisture) are vaporised with the aid of the high temperature flue. The
feedstock is then sent to the DRY-FLSH where the water vapour and the flue are separated

from the dry woodchips. These processes require specifying the weight composition of all the
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components in the woodchips defined on a dry basis from ultimate and proximate analyses
(Table 3). A custom calculator block was deployed to control the moisture composition of the
woodchips, at the end of the drying process. This block computes the fractional conversion of
woodchips to water which is required to determine the mass flow rate of the woodchips after
drying, by conducting a material balance [45]. The final moisture content of the woodchips is
set by the user in the calculator block, while the other properties of the wet woodchips are

retrieved from the wet woodchips stream.

Table 3. Proximate and Ultimate analyses of white woodchips [47,48].

Composition Dry Weight (%)
Ultimate analysis
Hydrogen 6.10
Carbon 51.80
Nitrogen 0.30
Oxygen 41.19
Chlorine 0.00
Sulfur 0.01
Ash 0.60
Moisture 10.00
Proximate analysis
Moisture 30.00
Fixed Carbon 19.40
Volatile matter 80.00
Ash 0.60

3.2.2. Woodchips combustion
In Aspen plus®, the combustion of solids is achieved in three steps [45]. First, the solid is

broken down into its non-stoichiometric components in an Aspen block named RYield
(DECOMP). Subsequently, the non-stoichiometric components and the heat of
decomposition are admitted into the RGibbs reactor (COMBUSTR). Here, based on the
minimisation of the Gibbs free energy, these components will react with air to produce the
combustion products. Finally, the combustion products are sent into a solid splitter
(SEPARATE) to remove the unburnt solid particles based on a predefined split fraction. To
determine the actual composition of the components in the woodchips after the
decomposition process, a custom calculator block executed in a Fortran-based environment
was deployed. The calculator block accessed the ultimate and proximate analyses of the
woodchips in a vector form, based on dry composition from the stream going to the drier.
Using the moisture content in the proximate analysis, it converted the ultimate and proximate

analyses to a wet basis [45].



352
353
354
355
356
357
358
359
360
361
362
363
364

365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380

17

3.2.3. ORC modelling

In this study, five Aspen plus® blocks have been used to achieve the ORC modelling,
namely, heater (evaporator), expander, solution heat-exchanger, pump and another heat
exchanger (condenser). The use of a heater block to implement the evaporator in this design
implies that heat is assumed to be added at constant temperature (SE cooler temperature) to
the refrigerant of the ORC. Note that the heat input to the heater is supplied from the cooler
of the SE implemented in MATLAB by integrating Aspen plus® and MATLAB. The
thermodynamic process in the expander was assumed to be polytropic. While a combination
of the approach temperature, dryness fraction and discharge pressure have been used to
determine the state of the stream at the outlet of the solution heat exchanger, condenser and
pump, respectively.

Hence, the network output of the ORC and its efficiency is obtained from the following

expressions:
WORC = Vi/exp - Vi/pump (10)
Worc
Norc = = = (1T)
Qactual,k

3.2.4. ARS modelling

Similar to [44], heater blocks were selected to implement the evaporator, absorber, and
condenser of the ARS, on the assumption that heat is added to these components at constant
temperature. However, we have harvested the waste heat produced from the absorber and
condenser, to improve on the energy efficiency of the DWH. Two pressure reducing valve
blocks were used to throttle down the refrigerant (water) and the strong LiBr/water solution
to the evaporator pressure. While a pump block that requires only the discharge pressure to be
supplied as an input, has been used to lift the weak solution from the absorber to the desorber.
To improve the performance of the ARS, a solution heat exchanger (SHX) is usually
deployed between the desorber and absorber. The SHX extracts some of the heat from the hot
strong solution leaving the desorber to heat up the cold weak solution returning to the
desorber, helping to retain the energy in the system. The SHX has been implemented in this
design using two heater blocks, where heat is taken from the hot side to the cold side as seen
in Fig. 2. Finally, owing to the complexity of the processes in the desorber, a combination of
two heaters and a flash separator blocks were selected to implement this process.

Thus, the COP of the ARS can be obtained from the given expression:
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Qevap
EARS Qdesorb + Vl/pump ( )

3.2.5. Domestic water heater modelling

In this CCHP system modelling, the heating of the domestic hot water was implemented
in Aspen plus® using a heat-exchanger block. The approach temperature is the only input to
the block required to determine the state of the hot water produced. Note that the cold stream
input to this block is the water that has been economised in the absorber and condenser of the
ARS, while waste heat exiting the desorber of the ARS served as the hot stream inlet to the
block.

3.3. CCHP system performance indices

For a power plant comprising several sub-systems and operating simultaneously in close
circuit, several performance indicators are required to assess the viability of the plant from
thermodynamic, economic and environmental perspectives. While there is no exclusive list of
criteria to assess a CCHP plant, some indices have been reported to give deeper insight on the
plant’s performance. The commonly used performance indicators are those that compare the
performance of the CCHP system to that of a conventional SCHP plant [19]. In this study, we
have used the energy utilisation factor, exergy efficiency, primary energy saving, artificial
thermal efficiency and CO; emissions reduction to assess the performance of the u-CCHP
plant from technical, economic and environmental perspectives.
(a) Energy utilisation ratio (EUF):

The EUF assesses the performance of the u-CCHP plant from the first law perspective.
However, because electric power is difficult to produce and highly priced compared with
heating or cooling which can be produced with low grade energy and not commensurately

priced, EUF is used instead of thermal efficiency. The EUF of a CCHP is expressed as:

WCCHP + Qcooling + Qheating (13)
m HHV

woodchips

EUFccup =

The net electrical power from the CCHP, Wecpp = Wacruar + Wore
(b) Exergy efficiency (n, ccup):

Exergy efficiency measures the quality of the energy conversion processes in the CCHP.
It is a thermodynamic performance indicator derived from the second law that maps the flow
of energy supplied into a system, and reveals where thermodynamic imperfection in a system

occurs the most. For a system operating at conditions above the dead state defined by
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temperature and pressure, T, = 298.15K and P, = 101 kPa, the exergy efficiency is

expressed as:

. T . T .
WCCHP - (1 - 0_ ) Qcooling + (1 - 0_ Qheating
_ Tcoolmg Theatmg 14
Niccup = T - ( )
(1 - ) Qccup
Tflue

(c) Primary energy saving (PES):

Another very insightful way of assessing the performance of a CCHP is by comparing it
to the performance of conventional SCHP plants. Herein, we rely on the PES as a preliminary
economic indicator, while a comprehensive economic analysis will be conducted in a future
work after the optimal system configuration has been obtained. The PES has been widely
used by governments to make policies to provide financial support to energy efficient power
plants and is a useful and meaningful preliminary economic indicator since it estimates how
much fuel is saved in the operation of the system [19]. If the PES is positive, some of the
input fuel energy has been saved, while a negative PES value suggests running the plant as a
SCHP may be more beneficial. The PES of a CCHP can be obtained from the following
expression [2,48]:

Qccnp
Wccenp + Qheating Qcooling (15)
Nelect,ref Nhref Nhreféref

PESccup =1

(d) Artificial thermal efficiency (ATE):

If we deduct the energy of the fuel used to produce heating and cooling in a separate
boiler of efficiency, 1, and a separate thermal cooler, of COP, ¢,..r from the total fuel energy
supplied to the CCHP, and divide the electrical power output of the plant by the remaining
fuel energy, another performance criterion called the artificial thermal efficiency will be
produced. This performance indicator evaluates the efficiency of utilising the fuel to produce
electric power in a CCHP system. Therefore, the ATE of a CCHP is expressed as [20]:

WCCHP
Qheating _ Qcooling (16)
Nh,ref Uh,reffref

ATEccup = -
Qccnp —

(e) CO2 emissions reduction (CO2ER):

An established way of evaluating the performance of a CCHP system is by quantifying its
impact on the environment [49]. This can be achieved by comparing the CO, emissions
reduction of the CCHP system to that of a conventional SCHP system. A positive CO2ER
suggests that the energy system is emitting fewer emissions compared to the SCHP and vice

versa. The COzER of the CCHP system can be evaluated from the following expression [6]:
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X F-QCCHP
COZERCCHP = 1 - €0z

XCOIZT-Q.heating XCOIZ/II-Qcooling (17)

w. W, +
XCOZ CCHP Nh,ref Nhreféref

3.4. System integration and solution approach

Fig. 5 presents the algorithm for implementing the solutions of the CCHP models in
MATLAB and Aspen plus® environment. A code has been developed in the MATLAB
environment to interface the SE model with the models built in Aspen plus®. Hence, the

control and operation of the CCHP system was achieved in the MATLAB environment.

Start Simulation

[ T S S ———

Fig. 5. Algorithm for the integration of the MATLAB and Aspen plus models of the
subsystems of the micro-CCHP.

As seen in the algorithm, the woodchips feed rate and required final moisture composition
are exported to the respective Aspen plus blocks from MATLAB. The Aspen models of the
BMD and BMC are run from MATLAB and the program paused. The temperature and
specific heat capacity of the flue produced after the combustion of the woodchips is sent to
the SE heater in MATLAB. Using a predefined pinch point temperature, the MATLAB
model of the SE is run for a given speed of the engine. The algorithm for solving the

governing equations of the SE has been reported in [27]. If the SE model converges, the
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results of the energy consumed by the SE heater and that exhausted from the SE cooler are
exported to the Aspen plus blocks to implement the Aspen plus models. The Aspen plus
program is then run at this point and the steady state solutions of the ORC, ARS and DWH
models are obtained. If the program converges, the results of the heat rates, work rates,
exergy rates, etc. from these models are returned to MATLAB. Furthermore, these results and
that generated for the SE are used to compute the performance indicators of the CCHP. The
steps described so far are repeated iteratively for different mass flowrates of the refrigerant

Qcooling

flowing through the ARS, so as to achieve different cooling ratios, CR = - . .
QcoolingtQheating

Finally, the entire process is repeated for another speed of operation of the prime mover; the
SE. Note that if the Aspen plus program does not converge, the woodchips feed rate,
Mwoodchips Will be changed. The Aspen model may not converge if the flue does not contain
sufficient energy to drive some of the subsystems of the CCHP. On the other hand, if the
MATLAB SE model does not converge, the pinch point, ATy, between the flue and the SE

heater temperature is adjusted.

4. Validation of the subsystems of the micro-CCHP
In this section, we present the validation of the SE, ORC and ARS which are subsystems
of the micro-CCHP.

4.1.  SE validation

The GPU-3 SE designed by General Motors has been extensively reported in the
literature for validating the performance of SE models [29]. This 3 kW beta type SE has been
deployed to validate the model developed in this study, to predict the experimental data of the
SE. The design parameters of the GPU-3 SE are presented in Table 4.

Table 4. Design parameters of GPU — 3 SE [27,29].

Quantity Value Quantity Value
General Mean tube length 245.30 mm
Working fluid Helium Tube outside diameter 4.83 mm
Piston stroke 31.20 mm Tube inside diameter 3.02 mm
Internal diameter of cylinder 69.90 mm Number of tubes per cylinder 40.00
Frequency 41.70 Hz Cooler

Mean Pressure 4.13 MPa Mean tube length 46.10 mm
Phase angle 90 Tube external diameter 1.59 mm
Heater temperature 977K Tube internal diameter 1.09 mm
Cooler temperature 288 K Number of tubes per cylinder 312.00
Number of cylinder 1 Volume and clearance

Regenerator Clearance volume of the piston 28.68 mm’?
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Regenerator length 226 mm Clearance volume of the displacer 30.52 mm?
Regenerator external diameter 80 mm Dead volume of heater 70.88 mm?
Regenerator internal diameter 22.60 mm Dead volume of cooler 13.80 mm’?
Number of regenerator 8 Dead volume of regenerator 50.55 mm’?
Material Stainless steel wire Diameter of displacer 69.90 mm
No. of wires per cm 79 x 79 Diameter of displacer rod 9.52 mm
Wire diameter 0.04 mm Diameter of piston rod 22.20 mm
No of layers 308 Displacer clearance 0.028 mm
Porosity of the regenerator matrix 0.69 Piston clearance 0.15 mm
Heater Eccentricity 20.80 mm

In this paper, we compare the predicted results of the current model of the SE which was
originally developed by the authors in [27] to the experimental data and predicted results of
other theoretical models [32,38,50].

Fig. 6 and Fig. 7 that compare the brake power and thermal efficiency of the current
model to the aforementioned experimental data and other theoretical model results have been
obtained for a SE operating at constant heater and cooler temperatures of 922 K and 286 K,
respectively, mean engine pressure of 4.14 MPa and working with helium gas. As seen in
Fig. 6, the current model predicted more accurate results of the brake power of the engine
than the other models, at all the range of frequencies of the experimental engine investigated
except for Li. et al. [32] that predicted the brake power of the SE with better accuracy for
very low and high frequencies. While in Fig. 7, the current model predicted results of the
thermal efficiency of the SE that are consistent with the experimental data, in contrast to the

linear trend predicted by the other models.

5000 T T T T T Y
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Fig. 6. Validation of the brake power of the SE against experimental data at different speeds.
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Fig. 7. Validation of thermal efficiency of the Stirling engine at various speeds.

Furthermore, Fig. 8 presents the relative errors in the brake power and energetic
efficiency predicted by the current model. As seen in Fig. 8, the relative error in the predicted
results remained below 5% for all the speeds of operation of the engine investigated with the
exemption of the brake power where the model recorded high relative error for engine
frequencies above 50 Hz. The current model has demonstrated a high level of accuracy in
predicting the dynamic performance of the experimental engine and is therefore, suitable for

the study undertaken in this paper.
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Fig. 8. Prediction error of the SE engine model deployed in this study.
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4.2.  ORC validation

The model for the prediction of the performance of the ORC engine has been
implemented in Aspen plus®. We validated the accuracy of the model using experimental
data [41] from a laboratory scale micro-ORC utilising a scroll expander. Table 5 presents the
comparison between the Aspen ORC model results and the experimental data, while Table 6
is the operating parameter of the experimental engine. As seen in Table 5, the model
predicted results agree remarkably with the experimental data and the maximum relative error
recorded in the deviation is 6.43%.

Table 5. Validation of the Aspen plus ORC model against experimental data.

Quantity Unit Model result  Experimental result Relative error (%)
Net power W 1037 980 5.80
Heat added W 10441 10500 -0.56
Efficiency % 9.930 9.330 6.43

Refrigerant flow kg/s 0.045 0.045 0.00
Pressure ratio - 4.760 4.760 0.00

Table 6. Flow properties of the experimental ORC engine [41].

Stream Fluid State T (°C) P (kPa) m (kg/s)
12 R245fa Vapour 89.54 1000.0 0.045
13 R245fa Vapour 53 210.0 0.045
15 R245fa Liquid 35 210.0 0.045
11 R245fa Liquid 36 1000.0 0.045
CWI Cold Water Liquid 26 195.0 0.580
CWO Cold Water Liquid 32 195.0 0.580
c Hot Water ~ Compressed 121 205.0 0.445
d Hot Water ~ Compressed 113 158.4 0.445

4.3.  Validation of single-effect ARS

In this section, the validation of the ARS model developed in Aspen plus® is presented.
In a previous study, Somer et al. [44] validated their ARS models built in Aspen plus®
against results from EES, due to the paucity of experimental data. They remarked that EES
model results provide more information than would experimental data. We have adopted a
similar approach in validating our model results by comparing it to the model results
produced in Somer et al. [44]. To ensure consistency, similar operating data of the single
effect lithium bromide-water ARS has been used and is presented in Table 7. As seen in
Table 8 showing the results obtained from the model and Somer et al. [44], the discrepancy
between both model results is less than 1% indicating very good agreement between the

models.
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Table 7. Single-effect LiBr/water ARS operating parameters [44].

Stream Fluid x (-) T(C) P (kPa) m(kg/s) &umr (%)
17 LiBr/H,0 0 32.7 0.672 1 57.4
18 LiBr/H,0 0 32.7 7.461 1 57.4
19 LiBr/H,0 0 89.9 7.461 1 57.4
20 LiBr/H,0 0 63.8 7.461 0.918 62.6
21 LiBr/H,0 0 53.3 7.461 0.918 62.6
22 LiBr/H,0 0.01 43.1 0.672 0.918 62.6
23 Water 1 78.4 7.461 0.083 0.0
24 Water 0 40.2 7.461 0.083 0.0
25 Water 0.07 1.3 0.672 0.083 0.0
26 water 1 1.3 0.672 0.083 0.0

Table 8. Results from the Aspen plus model of the ARS.

Quantity Unit Model result Somer et al. [44] Error (%)
Qevap % 10764 10772 0.071
Qdesord A% 14665 14592 -0.500
Qups % 14000 13923 -0.552
Qcond A% 11429 11432 0.008
¢aRs - 0.7330 0.738 0.670

S. Results and discussion

Here, the impact of retrofitting the SE with an ORC on the power output and thermal
efficiency is assessed and compared with a standalone SE for a range of speeds of the prime
mover. Furthermore, a detailed sensitivity analysis has been conducted on the effect of
cooling ratio and woodchips composition on the dynamic performance of the proposed
micro-CCHP.
5.1.  Standalone SE versus hybrid SE and ORC

We compare the performance of the standalone SE to that of a hybrid SE and ORC over a
range of operational speeds of the SE prime mover. Fig. 9 presents the power output of SE
and ORC only and SE+ORC as well as the thermal efficiency of the combined cycle over a
range of speeds of the topping cycle; the SE.

It is seen that the power output from the combined cycle nearly doubled for most of the
speeds investigated compared with that of the standalone SE. The power output from the SE
increases as the speed of the engine increases. However, a decrease in the power output with
the increase in speed is observed at very high engine speeds which are characterised by an
increase in the losses in the engine. Similarly, the power output from the SE+ORC combined
power configuration increases appreciably with the increase in the speed of the SE, and

slightly declines at high speeds of the prime mover. The reduction in the negative slope of the
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power output at high speeds, for the SE+ORC system compared with the SE only can be
attributed to the increase in the power output from the ORC, with the increase in the speed of
the prime mover. Waste heat rejected by the cooler of the SE increases as its speed increases,
and as a consequence, more energy is available to fire the ORC; hence, the observed trend.
Furthermore, the significance of operating a SE+ORC combined power configuration is
also evidenced by the stability in the combined efficiency. As seen in Fig. 9, the efficiency of
the combined system remained above 27% even at high engine speeds when the losses in the
engine were enormous, and was largely above 30% for the rest of the speeds. This is a
remarkable improvement compared to between 12.52 — 22.74% efficiency recorded for the
range of speed investigated in the standalone SE (Fig. 7). It is therefore worthy of note that
retrofitting an ORC to a SE can significantly improve the performance of the standalone SE

from a technical perspective.
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Fig. 9. Assessing the impact of retrofitting a SE with an ORC on the brake power and
efficiency of a standalone SE engine.

5.2.  Results of sensitivity analysis of the hybrid SE+ORC micro-CCHP

In this section, we present the results for the sensitivity analysis conducted in this study to
evaluate the performance of the proposed system from different viewpoints. To this end, we
have selected three distinct moisture compositions of the woodchips: 10%, 15% and 20% to
represent the likely quality of woodchips in the remote tropical locations as the climatic
conditions change. This is intended to investigate the effect of the quality of the input fuel on
the plant’s performance. Further, on considering the energy requirement for the cooling and

heating systems, a sensitivity analysis on the impact of the variation in the cooling and
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heating capacities of the CCHP on its performance has also been conducted. This will
provide insights into the sizing of the proposed micro-CCHP system as it relates the mix of
the energy vectors it should produce to guarantee optimal performance. The performance
indicators deployed for the sensitivity analysis were formulated based on thermodynamic,
economic and environmental perspectives with the help of the expressions presented in
Section 3.3. Table 9 presents the parameters of the reference conventional standalone plant
used to evaluate these performance indicators.

Table 9. Input parameters for CCHP performance evaluation.

Parameter Value Unit
Mhrer [48] 85 -

Netectref [48] 0.23 -

Xcof [51] 220 g (kWh)!
Xcow [6] 836 g (kWh)™!
§rer [48] 3.0 -

*HHV wooachips [47,48] 19220 kJ/kg
nm,pump 0.67 -

NMm,exp 0.95 -

Mpoty,exp 0.87 -

Nepump 0.8 -

*The high heating value of woodchips (HHV \,04chips) 18
given on a dry basis.

5.2.1. Impact of cooling ratio on u-CCHP EUF

Fig. 10 (a), (b) and (c) present the effect of cooling ratio on the energy utilization
efficiency (EUF¢cyp) of the proposed p-CCHP in a 3-D plot, when fired with woodchips of
different moisture compositions for a range of rotational speeds of the prime mover.

It is seen that the ratio of the cooling to heating loads has strong impact on the EUFcyp
of the system. This impact is more severe when the SE prime mover is operating at a low
speed. The EUFccyp declines remarkably as the CR increases, although the decline in
EUFccyp 1 less intense as the cooling ratio tends to unity [20]. This implies that, the energy
in the fuel is better utilised in producing some useful energy in the form of hot water, than in
producing cooling. The high efficiency of the hot water boiler compared with the low COP of
the single effect ARS may be responsible for the observed trend.

Meanwhile, when the p-CCHP is producing more heating compared to cooling (CR <
0.5), the EUFccyp decreases with an increase in the speed of the prime mover. At low speed,

the p-CCHP utilises only a small proportion of the energy in the fuel to produce power,
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making the unused energy available for high efficient hot water heating in the boiler.
However, as the speed increases, the SE will start to consume more energy, because of the
increase in the losses in the engine; hence, the decline in the EUF.cyp. By contrast, for CR >
0.5, the EUFcyp increases, peaks at the mid-speed of about 41.67 Hz (N = 2500 rpm) and
starts to decrease. This behavior of the EUF.cyp With an increase in the speed of the SE
prime mover for CR > 0.5 vary with the moisture content in the woodchips.

Thus, in Fig. 10 (a) representing dry woodchips moisture composition of 10%, the
EUFccyp slightly increases as the speed of the engine is increasing and plateaus at high
speed. This is because the sufficiently dry woodchips supplies more energy to the combined
power system, which enables it to generate significantly higher power than cooling. As a
consequence, the EUFcyp is influenced more by the combined power output, as seen in Eq.
(13), resulting to a trend similar to the u-CCHP power output in Fig. 10. In all, higher
EUFccyp 1s achieved when using fuel that contains lower moisture to fire the proposed

energy system in spite of the cooling ratio and speed of the prime mover.
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Fig. 10. Evaluating the impact of cooling ratio on the EUF of SE fired u-CCHP using
woodchips of (a) 10% (b) 15% and (c) 20% moisture compositions.

5.2.2. Impact of cooling ratio on u-CCHP Exergy Efficiency

Fig. 11 (a), (b) and (c) show the impact of cooling ratio and rotational speed of the prime
mover on the exergy efficiency (7 ccuyp) of the proposed u-CCHP on a surface plot when
fired with woodchips of different moisture compositions.

As seen in Fig. 11, nyccyp decreases with increase in cooling ratio, although this

decrease is more evident when the woodchips is supplying more energy, i.e. contains less
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moisture. While 7y ccyp increases with increase in the speed of the SE, but flattens out at
high rotational speeds and for very low CRs when the energy system is producing more
heating. This is the case since the energy conversion process in heating is very efficient;
hence, yielding higher 1y ccyp. Conversely, low grade energy is usually required to produce
cooling in the ARS. Therefore, at low speed when the combined power plant is generating
low power, most of the unspent energy is destroyed in the stack resulting to lower second law
efficiencies (11 ccyp). However, ny; ccpp significantly improves as more power is produced
with increase in the speed of the SE prime mover.

Further, the high variation in 1y ccyp between the global optima (CR = 0.1 and freq =
41.67 Hz) and the local optima (CR = 0.99 and freq = 25 Hz) from 71% to 20% when
using wood chips with 10% moisture content (Fig. 11 (a)) suggests that exergy destruction is
more intense in this scenario because the plant is being run at higher temperatures. Hence, it
is important to operate the plant within the optimum conditions of the cooling ratio and

rotational speed, in order to fully utilise the available energy and enhance efficiency.
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645  Fig. 11. Evaluating the impact of cooling ratio on the exergy efficiency of SE fired u-CCHP
646  using woodchips of (a) 10% (b) 15% and (c) 20% moisture compositions.

647  5.2.3. Cooling ratio impact on CCHP PES

648 Fig. 12 (a), (b) and (c) are the surface plots depicting the combined influence of cooling
649  ratio and the rotational speed of the prime mover on the primary energy savings (PES¢cyp)
650  when woodchips of different moisture composition is deployed to fire the system. As defined
651 in Section 3.3, the PES;cyp compares the energy consumption of the u-CCHP to that of a
652  SCHP.
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It is seen that for CR < 0.25 (significantly more heating than cooling), the PES.cyp
increases with the speed of the prime mover, peaks and decreases slightly [11,13]. This
behavior is expected, given that the losses in the SE increases with increase in speed, which
makes less energy available for heating water. However, as the CR tends to unity, the
PES:cyp simply increases, peaks and plateaus as the speed is increasing. Because the ratio of
the power to cooling being produced is high and it has been shown that retrofitting SE with
ORC helps to minimise the deterioration in performance at high rotational speeds, the impact
of the increasing losses on the PES .y p is not significant; hence, the observed trend for CR >
0.25.

Meanwhile, very low and even negative PES.cyp is seen when the u-CCHP is producing
more cooling than heating and the prime mover is operating at low speeds. In particular, for
SE operating between frequencies; 25 < freq < 30 Hz (1500 < N < 1800 rpm) and CR >
0.8, negative PES;cyp 1s seen in Fig. 12 (b) and (c). Given that at low frequencies and when
producing a lot of cooling, the fuel energy supplied to the u-CCHP is not efficiently utilised
to produce power and cooling. Thus, negative PES.-yp is unavoidable in this range of
operation of the engine. Therefore, it will be more beneficial to operate the energy system as
a SCHP for these ranges of speeds and cooling ratios.

Further, over 40% PES;cyp is seen in Fig. 12 (a), for more than 60% of the surface.
While in Fig. 12 (b) and (c), it is over 30% and 20% PES;cyp, respectively, for more than
60% of the surface. In this regard, the more the energy supplied into the system, the more
likely it will be to save energy in a u-CCHP arrangement where several forms of useful
energy are co-produced. This underscores some of the advantages in operating a u-CCHP
configuration compared to conventional SCHP like thermal power plants, where only 30% of
the input energy is actually utilised in running the plant. More importantly, from these results,
some form of flexibility in the operation and management of the energy system is plausible,
since significant primary energy savings is guaranteed over a range of speeds and cooling

ratios regardless of the quality of the woodchips fuel.
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Fig. 12. Evaluating the impact of cooling ratio on the PES of SE fired u-CCHP using
woodchips of (a) 10% (b) 15% and (c) 20% moisture compositions.
5.2.4. Cooling ratio and frequency versus CCHP ATE

Fig. 13 (a), (b) and (c) show the effect of cooling ratio and the rotational speed of the
prime mover on the artificial thermal efficiency (AT Eccyp) on a surface plot when woodchips
of different moisture composition is deployed to fire the system. In Eq. (16), the ATEccyp 1S
expressed as the ratio of the power produced by the 1 -CCHP and the energy consumed by
the energy system with the exclusion of the energy that could have been used to produce
cooling and heating, separately.

As seen in Fig. 13, the ATEcyp decreases with the increase in CR especially at low speed
of the prime mover. However, the rate of the decrease in AT E¢cyp reduces as the CR tends to
1 [20]. The global optima is seen in a region on the surface plots defined by freq < 45 Hz,
and CR < 0.4, although the area covered by the global optima reduces and drifts towards
lower speed regions as the input fuel quality improves. At low rotational speed of the SE and
low CR, when the system is producing more heating than cooling, only a small proportion of
the energy supplied to the 1 -CCHP is utilised to produce power. As a consequence, high
ATEccyp 1s seen as expected from the denominator of Eq. (16), suggesting that the energy
supplied has been efficiently utilised to produce power.

Further, as the speed of the prime mover increases (beyond = 30 Hz ), the ATE;cyp
starts to decrease for CR < 0.4, due to the increase in the losses in the SE. On the other hand,

for CR > 0.4, the ATE.cyp increases as the speed of the SE prime mover increases.
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Comparing Fig. 13 (a), (b) and (c), the fuel is better utilised to produce power from the U -
CCHP as opposed to producing other forms of useful energy products when the moisture
content in the wood chips is low i.e. higher input energy. This is seen from the ATEccyp >
30% recorded for over 70% of the surface area in Fig. 13 (a) compared with ATEccyp >
25% and ATEccup > 20% for over 70% of the surface areas in Fig. 13 (b) and (c),

respectively.
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Fig. 13. Evaluating the impact of cooling ratio on the ATE of SE fired u-CCHP using
woodchips of (a) 10% (b) 15% and (c) 20% moisture compositions.

5.2.5. Cooling ratio and frequency versus CCHP COzER

Fig. 14 (a), (b) and (c) compare the CO, emissions reduction (CO,ER-cyp) of the
proposed u-CCHP to that of a SCHP for different cooling and heating capacities and
rotational speed of the prime mover when woodchips of different moisture composition is
deployed to fire the system.

As seen in Fig. 14, the CO,ERcyp capability of the energy system declines as the quality
of the input fuel declines. Given that with the increase in moisture content, the combustion
process becomes more inefficient, this is expected and can be seen from Eq. (17). CO»
emissions reductions occur in over 80% (Fig. 14 (a)), 70% (Fig. 14 (b)), and 60% (Fig. 14
(c)) of the surface areas for moisture contents of 10%, 15%, and 20%, respectively.

Meanwhile, negative CO,ERcyp Were localised in a region characterised by low speed
of the prime mover and high cooling ratios. Similar to what has been reported in the case of
the PES¢cyp, the low amount of power being generated by the SE prime mover at low speed
is responsible for the observed trend. In addition, when producing a lot of cooling, only a
fraction of the energy supplied to the 1 -CCHP is utilised by the thermal chiller. The rest
obviously will end in the environment as exhaust gas. Thus, it is expected that a conventional

SCHP would reduce CO» emissions better, when operating in these regimes.
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Generally, as more cooling is being produced relative to heating, CO,ER -yp declines
because of the lower energy conversion efficiency in cooling compared to heating. On the
other hand, CO,ERcyp increases with the increase in the rotational speed of the prime mover
and slightly declines at very high speed for the case of CR < 0.2 and with high moisture in
the fuel. Finally, up to 43%, 40%, and 31% reductions in CO; emissions can be achieved
using woodchips of 10% (Fig. 14 (a)), 15% (Fig. 14 (b)) and 20% (Fig. 14 (c)) moisture

contents, respectively.
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Fig. 14. Evaluating the impact of cooling ratio on the CO2ER of SE fired u-CCHP using
woodchips of (a) 10% (b) 15% and (c) 20% moisture compositions.

5.3. Discussions

In a broad sense, it is seen that deploying a hybrid of the Stirling engine and ORC as
prime movers in the proposed micro-CCHP system design minimised the losses in the system
and improved its performance indicators. In particular, compared to previous studies, the
steep decline in PES¢cyp at high speed of the SE prime mover has been significantly reduced
in this study. This is because the waste heat which is rejected in other studies has been
utilised to produce additional power in the ORC. A maximum of 55% savings in the primary
energy is recorded when the system is fired by biomass fuel with 10% moisture content,
producing more heating load, and operating at a rotational speed of 2500 rpm compared to a
PESccyp of 24.05%, 29.47% and 42% recorded in Ref. [10], [11] and [13], respectively.
Similarly, higher CO,ER;cyp are also seen here compared with some previous studies. In this
study, a maximum CO,ER;cyp of 45% is recorded when biomass fuel with 10% moisture is
deployed to produce a significant amount of heating and power at rotational speeds above
2000 rpm. This is more than the CO,ER cyp of 31.06%, and 36.22% obtained in the CCHP
designs in Ref. [10] and [11], respectively, that utilised SE only as the prime mover, but
slightly lower than 46.6% reported in Ref. [13] where a hybrid of the IC engine and SE was
deployed. This underscores the gains in using hybrid prime movers in micro-CCHP systems.

Further, the ratio of the cooling load to the heating load that the system is designed to

meet has a significant impact on its performance. This impact is seen to be very severe in the
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PES¢cyp and CO,ER cyp Where negative values were recorded especially when the system
was fired with fuel of high moisture content. It is seen that the micro-CCHP performed
creditably when it serviced more of the heating load and power compared with the cooling
load and power and this is similar to the findings in Ref. [20]. There is an obvious need to
size the system to determine how much cooling or heating it should service.

Also, in-situ drying of the woodchips fuel is promising and has ensured that the quality of
the input fuel is maintained at all seasons. The maximum values of PESccyp, Miccups
EUFccup, ATEccyp and CO,ERcyp recorded for 10%, 15% and 20% moisture composition
of woodchips fuel are: 55%, 71%, 94%, 85%, 43%; 50%, 61%, 81%, 60%, 40%; and 40%,
53%. 67%, 45%, 31%, respectively. The quality of the biomass fuel is seen to have impacted
on the system’s performance metrics, particularly the EUF and ATE, where a significant

change is observed as the moisture content of the fuel increases.

6. Conclusion
In this paper, a novel micro-CCHP (u-CCHP) system that hybridises a Stirling engine

(SE) and an ORC was designed and assessed; to co-produce power, cooling from an

absorption chiller (ARS) and domestic hot water from a boiler (DWH). By calculating typical

techno-enviro-economic indicators, such as primary energy saving, energy utilisation factor,
exergy efficiency, artificial thermal efficiency and CO; emissions reduction, the performance
of the u-CCHP has been evaluated. The influence of rotational speed of the prime mover,
cooling and heating capacities and quality of biomass fuel on the performance of the ui-CCHP
have been assessed and compared with conventional separate cooling, heating and power

(SCHP) systems. The key findings of this study are itemised in the following:

e An increase in the rotational speed of the SE led to the increase in the heat sink
temperature and a consequent increase in the power output from the ORC. Hybridising
SE with ORC increases the power output of a standalone SE by a minimum of 55% at all
the rotational speeds investigated.

e A mild decline in the thermal efficiency of the hybrid SE+ORC with high rotational
speeds is observed contrary to the steep decline in SE only systems. At the rotational
speed of 1500 rpm, maximum efficiency of 37% was recorded for the hybrid SE and
ORC compared to 22.74% recorded for the standalone SE.

o PES cyp is largely positive for CR < 0.5 when the p-CCHP was servicing more heating

load than cooling load in conjunction with the power demand. Maximum PES.-yp of
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40%, 50% and 55% were obtained at medium speed and very low CR, for 20%, 15%, and
10% dry woodchips, respectively.

An increase in CR led to significant decrease in the AT E¢cyp, although the value starts to
converge as the CR tends to one, evident at low operational speed. Maximum AT E¢cyp
are obtained as seen in the global optima for a range of frequencies of 25 — 30 Hz, 25 — 40
Hz, and 35 - 45 Hz, using 10%, 15% and 20% dry woodchips fuel, respectively.

A decrease in CO,ERcyp With an increase in CR is observed with an increased intensity
at low rotational speed of the prime mover. Maximum CO,ER cyp of 43%, 40%, and
31% were obtained in the p-CCHP compared with SCHP when using woodchips fuel
that contains 10%, 15%, 20% moisture, respectively, to fire the system.

Negative PES;cyp and CO,ER cyp are obtained in regions defined by very low rotational
speeds and high CRs, i.e. when the u-CCHP is producing more cooling and low power,
suggesting that the fuel is being underutilised.

ATEccyp and EUF.cyp were impacted more by the change in the moisture content in the
fuel and recorded between 13% to 25% decline with the increase in moisture content of
the fuel.

This study has provided new insights into the role hybridising SE and ORC, cooling ratio,

and quality of woodchips fuel play in the performance of the proposed system. The

conclusions here favour the sizing optimisation of the proposed u-CCHP system to

determine its optimal configuration before deployment in remote off-grid locations, where

access to electricity is limited, to provide electricity and other energy vectors, such as heating

and cooling, to preserve and process their agricultural produce.
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Nomenclature

General elect electricity

A cross sectional area (m?) evap evaporator

Cog Isobaric specific heat of gas(J/kgK) exp expansion

CR cooling ratio () f friction

Cyg Isochoric specific heat of gas (J/kgK) ~ flue flue gas

d diameter of component (m) FST finite speed thermodynamics
ER emission reduction h heater

f frictional factor (—) he heater — hot space
freq engine frequency(Hz) hyst hysteresis

h heat transfer coefficient (W/m? K) irr irriversibility

HHV high heating value (J/kg) k cooler

I exergy destruction rate (W) kr cooler — regenerator
] displacer gap (m) leak crankcase

k thermal conductivity (W /mK) mech fric mechanical friction
L length of component (m) m mechanical
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NTU

Nu

Pr

Re

Z
Subscript
c

ce

ck

cond

disp

desorb

mass of gas (kg)

number of transfer units (—)
Nusselt number (—)
pressure (Pa)

Prandtl number (—)

heat added or lost (J)
Reynold number (—)

gas constant (//kgK)

specific entropy (J/kgK)

temperature (K)

gas velocity (m/s)
volume (m?)

work output (J)
flow exergy (J/kg)

displacer stoke (m)

cold space

cold — hot space
cold space — cooler
conduction
displacer
dissipation
desorber

hot space

pdrop
poly
pp

r
ref
Th
sh
t

w

Superscript

dead state

pressure drop
polytropic

pinch point
regenerator
reference
regenerator - heater
shuttle

transmission

wall

fuel

network electricity

isentropic exponent (—)
emission factor (gW/s)
density of gas (kg/m3)
porosity in wire mesh (=)
angular speed (rad/s)
efficiency (—)

coefficient of performance (—)
change in quantity
heatexchanger effectiveness (—)

dynamic viscosity (Ns/m?)
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