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Abstract: This study concerns the cold-to-electricity corsi@n in a piston based engine. A
theoretical model was developed to predict the pogeneration rate in the engine.
Parametric study showed the significant effect -@ignk angle, motor speed, gas pressure
and temperature and chamber volume on the poweraigon by the piston based engine. It
was found that optimal p-crank angle was normailyhie range of 5576°. The minimum
inner diameter of the valves connected to the engms a crucial factor that limited the
power capacity of the engine system. Based onxperanental data, the large engine (1900
cm®) and small engine (162 &rhad an actual efficiency of 24.1% and -23.6%peesively.
This implied that the large engine was feasibldeoused in CES system for electricity re-
generation during peak hours. However, the ind@e8 efficiency was 18.9% and 52.1% in
two different situations. The results indicate tingportance of engine development in

promoting the CES technology.

Keywords. Cold-to-electricity conversion; Piston based engi®wer generation rate;

Engine efficiency; CES efficiency.
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1. Introduction

Cold energy storage has attracted more and maeatiatt due to its significant role in
addressing the main energy challenges [1-2]. Th& @€hnology is competitive in dealing
with fluctuation of electricity demand (demand 3idi8-4] and intermittency of renewable
resources (supply side) [5-6]. Furthermore, the QEB(g cryogens as the storage media
could achieve an exergy efficiency of over 80%, clahénables the CES system competitive

compared with thermal energy storage (TES) teclyiedoin the energy discharging process
[7].

As the essential component for cold-to-powervension in a CES system, engine systems
were extensively investigated [8-15]. Based onthemal analysis of isothermal, adiabatic
and polytropic processes, it was found that isotfa¢expansion in the engine had the largest
power generation [2]. In reality, feasible solugdor expansion with approximate isothermal
process in engine or turbine have been proposeskeTimclude utilisation of ambient heat [8-
11] and combination of ambient and combustion fE&t13]. Manning et al [8] developed a
direct drive system using multi-stage expansionh weheating prior to the final stage of
expansion in Brayton cycle. A regenerative devicaswroposed to improve the heat
efficiency. West et al. [9] used a double actingtgm expander to improve the efficiency of
the working fluid. For using environmental heatgike[10] (MDI company in France) firstly
designed multistage engine system. Due to thesatitin of ambient heat, the expansion in
the system was approximated to an isothermal psodewrquand [11] (University of
Westminster) developed a two-stage turbine witreat Ipipe before the inlet of engine to
make use of environmental heat. The heat transé af the heat pipe was up to 1.4, m
while the heat transfer efficiency was 85%. It wegorted that when the inlet pressure was

4.5 MPa, and engine speed was 1000 rpm, the paamergtion was as high as 25 kW.
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In the above studies, the processes in engere wonsidered as multi-stage adiabatic
expansion with middle reheating using the ambiezathThis is favourable for improving
system efficiency and power generation by engirnevéver, since the inlet temperatures in
the expansion stages of the engine were lower @nalnient temperature, system efficiency
and power capacity were significantly restrainedle® et al [12] utilized combined heat
from both ambient and combustion in a Stirling eegiOxygen from the liquefaction and
separation of air was used to enhance the effigiehfuel combustion. Latter et al [13] used
liquid air as the working fluid in the Rankine cgclThey utilized ambient heat to increase the
liquid air temperature in the multi-stage expangpoocess. Additional fuel was subsequently
injected to make use of the combustion heat inng@rnal combustion engine. Comparing
with no utilisation of combustion heat, it was rdpd that the power generation increased by

50%.

Apart from utilisation of environmental heatdacombustion heat during the multi-stage
expansion processes, other methods for improvistesy efficiency and power generation
include controlling of injecting time of high press gas [10] and parametric optimization of
engine [14-15]. Negre et al [10] developed an emgiystem, with high pressure gas injected
into the engine intermittently. In the system, wms absorbed into the chamber of engine
when the piston went down from top dead centre (J@Cbottom dead centre (BDC). The
absorbed air was then compressed to 20 bar un@eiGiih the movement of piston in the
BDC to TDC process, during which the high pressgas was injected. As a result, the
temperature of the mixture (expansion gas and idjie pressure air) was improved, leading
to an increased power generation by the engine.edery due to the short injecting time, the
thermal energy from the high pressure gas wasfingritly absorbed in the mixing process.
Consequently, Negre [10] designed a special crarnitighed in patent to control time for

mixture. With the new connecting rod, the piston stay near the top for about®7éf the
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shaft rotating. As a result, the components froro thfferent injections are fully mixed,

leading to a largely improved power capacity of ¢hgine system.

Group of Knowlend in University of Washingtomshdone lots of work on parametric
optimization of engines. As claimed by Knowlendadt[14], parametric optimization of
engine was also feasible for improving power getm@maunder the same conditions. Small
radius of chamber, long length of stroke and lowgie® speed were all favourable for
improving power generation and system efficiencyhaf engine. Knowlend et al [14] also
designed jagged surfaces for both cylinder bloak @iston with heater core imbedded inside
expansion chamber. In the design, heat transfentagas used to increase temperature of
HTF. Knowlend et al [15] analyzed the enhancemdnheat transfer rate by this novel
piston-head configuration. They claimed that by éohing a heater core within the
expansion chamber, the expansion efficiency iretiggne was performed as 85% of the ideal

isothermal process.

With a new valve scheme connected, a pistordasagine system was developed in this
study. By setting an optimal p-crank angle, the imaxn power generation rate through gas
expansion in the engine chamber can be achievedlpdtver generation of the piston based
engine was estimated by establishing a theoretnalel. Parameters effects, promotion of

power capacity, engine efficiency and its effectloe CES efficiency were investigated.
2. An engine system for cold to power conversion

Cold energy storage technology stores off-tiehectricity as cold energy in the cold
storage media and regenerates electricity in ehdumbine system by utilising the cold
exergy through thermodynamic cycle [16]. A regetaravas used in the Rankine cycle for
improving the efficiency of the thermal dynamic leyand the CES system. Figure 1 showed

the role of engine in the CES system, and a spepiiton based engine system used for
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power/ electricity generation. The referred engsystem was mainly composed by an
engine, a motor/ electrical generator and a newevacheme with associate controlling
modules. The advantage of the engine system isfflogent controlling of the opening time
of the engine inlet, by which high pressure and iomaeto-high temperature gas was

efficiently expanded.

:

Heater

Regenerator

Cooler

Tank [
Refrigerator

Figure 1. Schematic diagram of the experimentstiesy.

Two solenoid valves were used at the inleheféngine to control the opening time, since
the expanding gas could only enter the chambenancondition that two solenoid valves at
the inlet were open simultaneously. For preciselytiolling opening/ closing time of valves,
count setting method was adopted. Specifically,dinele of the shaft in engine is equally
divided into 320 parts. Each part is called onentowhen the piston is at the top dead centre
(TDC), an index is marked at the bottom of the shéddere the © count is scheduled. In the
controlling modules, opening and closing operationsvalves are affected by the counts.
The influence on valve operations is realized biyating electrical voltage for all of the 320
counts in the circle of the shaft. Consequentlyrdsetting the electrical voltage on different

counts, the opening and closing time for each vearebe controlled.
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The piston based engine has two solenoid valves\{¥}installed at the inlet and another
solenoid valve (V3) used at the outlet. The soechf)-crank angle is defined as the rotating
angles of the shaft in a certain period when batlves at the engine inlet are open
simultaneously. For instance, V2 is set open frdfrcount to 188 count, while V2 is set

open from 218 count to 38 count, as a result, the p-crank angléswg—g?: 338° (30

counts from & count to 38 count), as presented in Figure 2(a). In the oggtime (t, ),

piston moves from the TDC to the shown location (while at half periodic time {(/2 ),
the piston reaches the bottom dead centre (BDQ)rexented in Figure 2(b) where L is the

length of the engine chamber.

Vi
(V3 dose) V2 Vi

V2Zopen  y'q close b TDC
@ SR LR |

. P-crank 7 e
angle
S T

oo

Viopen 1 qose

(V3 open)

Figure 2. Details of the piston based enginefdiapation of p-crank angle by count setting;

(b) piston movement in the engine chamber.

For characterizing the p-crank angle, the openimg tof the engine inlet is written as in

Eq. ():

tl
L =q 1
t/2 @)

where a is the ratio of opening time to half pertotime of the engine. In this case, p-crank

angle can be expressed as:

p-crank angle=18C [ir 2) (
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In terms of Eqgs. (1) ~ (2), it is seen that theréase of the p-crank angle results in the
prolonging of the opening time of the valves. Tindicates more mass flow rate (kg/s) of the
expanding gas in the engine chamber. On the othed,lthe expanding volume is reduced
due to the continuous movement of the piston ingi®donged opening time, leading to a
decreased specific power generation (J/kg). Thigates a significant effect of the p-crank

angle on the power/ electricity generation rate @iMhe piston based engine system.
3. Theoretical model for predicting power generation by the engine

Thermal dynamic cycle of a piston based engias demonstrated as process A-B-C-E, as
presented in Figure.3. The process A-B is the gggtion into the engine chamber, during
which mass of gas increases with time. The proBe€srepresents the expansion process.
Since the valves at both inlet and outlet of thgims are closed, gas mass keep constant
during the process. While the process C-E is tiseefjaination process, when the gas mass
in the chamber is reduced with time. One can saétliere is no compression process for the
engine driven by high pressure gas. As a resudt,sihecific engine powerw(, J/kg) is

generated in the process B-C, which can be exgtesse Eq. (3):

Fe

w= j ~v P 3)
I:)B
P
A B
"
E D C
[ ~®
0 V

Figure 3. Thermal dynamic cycle in the piston blasegine.
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The gas expansion in the piston based engimdédeaither isothermal process or adiabatic
process. As stated in [2], expansion in an isotlépnocess results in the maximum power
output, compared with other thermal processes & dghgine. However, the isothermal
condition is difficult to be realized in practicahgine tests, since the heat transfer process
between the expanding gas (i.e. & air) and the ambient is inefficient in a shtnie.
With a high motor speed (i.e. 2900 rpm), little ambof heat can be transferred to the
ambient. In this regard, gas expansion (process) Bad be considered as the adiabatic

expanding process, which is analysed in the folhgvi
3.1. Specific power

Although the expanding process in the engingésersible due to the pressure difference
between the chamber and the ambient, it is regaadeapproximate adiabatic process due to
the prompt expanding of gas in the chamber. Coresdty the process equation can be

written as:
Koo k
PV ™ = Py, 4) (

wherek ,, is the Possion factor, which is defined as,

K, =09 (5)
po Cv,g

in whichC, , C,, are the heat capacity of gas at constant presante volume,
respectively. The technical power by the enginelmexpressed as:

P><=L
w= j ~vgP (6)
Pee

X=X

From Eqgs. (4)~(6), the specific power generatiorhie adiabatic process of an ideal gas is

calculated as:
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Kpo—1

-1 LI
W= R, M- () ] ™)

po in

In which R, is the gas constand ((kg(K) B, andT, are pressure and temperature of the

expanding gas at the inlet of the piston basednengiespectivelyP, represents the gas

pressure after expansion when the piston reacleeBIIC of the chamber. In ideal situation,

P. is equal to the ambient pressu® € P)). However, in the condition that the engine has
an expansion ratio lower th&/P,, P. is higher than the ambient pressure, indicating a
significant exergy loss in the expansion process.

3.2. Massflow rate
Ideal-state equation for the expansion gaBeaehgine inlet is as below:
P, IV, =mIR, [T, (8)
Wherem, V, are the mass and volume of the expansion gas egttre engine chamber at

the timet,, respectively.Elhaj et al [17] developed a theoretical model poedicting the
piston location during the rotation of the crankKsh@o characterize the movement of the
piston, Figure 4 shows the schematic diagram of dbenections between motor, the

crankshaft and the piston of the engine.
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(a) (b) "[E"'_
1
Motor :
<.
Crankshaft
Crankshaft

Figure 4. Schematic diagram of the motor and tetopibased engine: (a) connection

between motor and the crankshaft; (b) connectidwdxn the crankshaft and the piston.

Taking the TDC as the reference position, the pisteation (x,) can be formulated as the

function of the rod lengthl {, crank radius ) and the rotating angle(:

X, = (L- cosf) +I[L- /1—(|£)Zsin2 6] 9)

Since the motor speedi() is controlled as constant values in the expertalesystem, the
rotating angle can be written as:
f=ut (10)
The volume of the gas in the engine chamber éitieet, can be expressed as:
V, =% [A (11)
in which Ais the sectional area of the engine chamber. Irsidemation of one rotation
period (t), according to Eq. (8) ~ (11), the average masw ftate (7)) at the inlet is

obtained:

m —m:& 1 - - — L 2 gin?
M =3 ingﬁmmﬁ{f[l cos(t)] +I[1 \/1 ([)7sin (011)]} (12)
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Since it takes half of the rotation period for fhiston moving from TDC to BDC, from Eq.
(9), the relation of the crankshatft radius andiémgth of the engine chamber is established:
Xp =2r =L (when 8=m) (13)

3.3. Power generation rate

The power generation rate of the piston basegne is calculated as the product of the
specific power and the average mass flow rate.efbex, based on Eq. (7) and Eg. (12), the

average engine power rate can be calculated:

1 1 _i%l B e
VV-1%0_1§5;UR1BUDAHU (H) N{rﬂ cosit,)] +1[1 Jl ﬂ) an(ayﬂ} (14)

According to Eq. (1) and (2), the opening ting Can be expressed as:

_ p-crank angle
' 18(C° w

(15)

The above analysis indicates that the average emgiwer rate is determined by the thermal
physical parameters of the expansion gas (i.e.spresand Possion factor), geometric
parameters (i.e. the volume, sectional area argthesf the chamber, the rod length, and the
crank radius) and the operating conditions inclgdime p-crank angle, the expansion ratio
and the motor rotating speed. However, siRds affected by the key parameters such as the
p-crank angle, rotating speed and the chamber \aloptimal parameters exist for achieving

the maximum power generation by the engine.

In the practical engine system, the valves ingdadiethe inlet and outlet of the engine has
their minimum inner diameters. For example, for Baalve that has a reflection time of
15ms for opening and closing operations, the minmianer diameterD,) is 1.8 mm. Due
to the gas flowing velocity in the valve is rested below the sound velocity( =340m/s

), the volume flow rate at the inlet of the pistbased engine becomes a limited value (
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\7m <ZD/ (,). In the period that the piston moves from theCT the BDC, the average

\

AN

volume flow rate can be written as:

v, :7—1T DwDL\E{r[l—cos(axl)] +] [1—\/1— ({)Zsinzwl)]} (16)

Based on the above equations, the maximum rotafiegd is evaluated as 160 rpm. This
indicates that the power generation rate is aftebiethe motor rotating speed when it is less
than the maximum value (160 rpm). However, duehlimitation of the volume flow rate
of the expansion gas, the power generation ratetissignificantly influenced with further
increasing of the rotating speed. Figure 5 wasettperimental results showing the effect of

motor speed on the engine power generation. Ifigee, EP (written aBow, ) represented
the contribution of the engine for power producti&t (written a¥ow;) was the electricity
consumption, while EM (written aPow, —Pow, ) was the net electricity output of the

system. It was shown that although there was sfiugiuation under a motor speed beyond

160 rpm, the power generation by engine (EP) beappeoximately stable.

400
350F |—=—EM(Por-Por)
- —e— EC (Por)
300F | —~—EP (Por)
£250 | Compressed air: 10 bar
= P-crank angle: 18°
2200
o
g L
150 |
100 |
50
0 [ M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1

80 100 120 140 160 180 200 220 240 260
Motor speed /(rpm)

1
40 60

Figure 5. Effect of the motor speed (with smallves).
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4. Optimal p-crank angle

As aforementioned, the optimal p-crank angléstexsince the mass flow rate of the
expansion gas increases while the specific poweergd¢ion is reduced with increasing of the
p-crank angle. For the gas expansion process, -g#salequation can be described as

Egs.(17)~(18):

R.X‘=PRL" (17)

1
k

x_R
7 (E) (18)

In terms of Eq. (14), (17) and (18), the averagegrarate of the piston based engine can be

written as:
— 1 1 (Ko =1)
W = P T 0OF(O) 2r 19
o 1% )= (6) (19)
In which,
r[1-cos@)] +I[1-,/1- (L)Zsinz(e)]
f(6)= | (6=rm) (20)
2r
For achieving the maximum power rate, the followagiations are resulted:
{Heﬂmff(@“wﬁﬂ:o (21)
f(0)= kpo o™ (22)

As a result, the optimal p-crank angle is obtaied case study, the radius of the crankshaft

is the same as the length of the rod=( ), consequently,

§=arccos] -k, F,1] (in Rad) (23a)

1
arccosl Koo k1]
n

(23b)

1
p —crank angle—@ arccosl-k,, k,1]  (in Degree) (23c)
s
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For compressed air under different temperatures Pibssion factds,, is in the range of

1.2~1.4. According to the above equations, thenugitip-crank angle in the case study is
calculated as approximately 53 he value ofa is evaluated as around 0.307, atitig the
opening time represents 15.4% of the motor rotaperiod for achieving the maximum
power rate of the piston based engine. The casly stiso shows that the ratio of the piston
location to the chamber length is 42.7% by the @rtie opening time. This allows the gas to

be expanded with the maximum mean power rate.

Figure 6 shows the influence of the length ratidhaf rod to the crankshaft.(r) on the
optimal p-crank angle. The figure indicates tha tiptimal p-crank angle increases from
approximately 55to 76 with a variation of the length ratio from 1 to Furthermore, with
the expansion gas that has a higher Possion fattterp-crank angle for achieving the

maximum power generation by the engine is normhy° larger.

~
al

~
o

D
o

Optimal p-crank angle (degree)
6] [e2]
al ol

al
o

ol

2 3 4
Length ratio of the rod to the crankshaft L/r

Figure 6. Variation of the optimal p-crank angleedo the change of the length ratio of the

rod to the crankshaft.

The effect of the p-crank angle on the power gdimrdy the engine is shown in Figure 7.
With the increase of the p-crank angle, the povestribution by the engine increases firstly

and decreases subsequently. The highest powerdigeeis obtained under the optimum p-



277 crank angle. It is shown that under different Pasdactor, the optimum p-crank angle is

278  slightly changed.

[e2]
o

[ &k =12
s SOr —0—k =13
:: [ +kp0:1.4
£ 40}
o
c
S L
£30f
>
o 3
o
= 20
(o)
a L
10
O M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M
0 18 36 54 72 90 108 126 144 162 180
279 p-crank angle (degree)

280 Figure 7. The effect of p-crank angle on the eagiower generation (compressed air: 10 bar;

281 motor speed: 60 rpm).
282 5. Power capacity of the engine under high operating parameters

283 This section aims to estimate the power capadithe piston based engine under different
284  operating parameters, including the motor speed peessure and temperature. The
285 parametric study was conducted under the optin@abpk angle for obtaining the maximum
286 power generation in theory. Figure 8 shows theceftd motor speed in the condition of
287  providing compressed air to a small engine (wittchmmber volume of 162 cinfor

288 expansion. When motor speed was lower thanl160 thm,power generation by engine
289 increased linearly with increasing of the motoresheHowever, due to the restriction by the
290 smallest section area of the flowing passage inviddees, the power generation became

291 constant with a motor speed beyond 160 rpm.

292
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Figure 8. Effect of the motor speed on the povegregation by the small engine.

Figure 9 and Figure 10 presents the effectprefsure and temperature on the power
capacity of the small engine (chamber volume of &68), respectively. As can be seen in
Figure 9, power generation increased linearly whié increase of the gas pressure. It was
noted that the positive effect of gas pressure rmmption of the power generation became
more significant under a relatively higher motoesg (within 160 rpm). However, the effect
of the gas temperature was featured differentlyr whanged provision of the expansion gas

to the engine. Figure 10 indicated the temperanflegence was not obvious. This is because

Kpo—L

the multiplier [1—(%) “» 1in Eq. (14) is relatively small for the expansioasgwith a

n

temperature in the range of 300~1000 K. Comparehl the compressed air, G@&d to more
power generation by the engine. Consequently, @Qregarded as a better option as the

expansion gas in the engine for power generation.
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Figure 10. Effect of the gas temperature on thggrenpower generation.

As mentioned in the above section, power geioereby the piston based engine is
restricted by the minimum inner diameter of theveal Theoretically, the velocity of gas is

less than the sound velocity 340 m/s. As a restudt,critical motor speeddd, ) is induced,

which indicates the maximum power capacity of eaginder certain parameters:

2
w, :é ﬁ40|i)/ v,min 462

Figure 11 shows the calculated critical motor speedifferent volume engines with a given

D, min- In the case studies in which valves with the mimmdiameter of 1.8 mm and 12 mm
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are used, the critical motor speed is estimateédmmsoximately 160 rpm and 600 rpm,
respectively. Since high motor speed results igdgsower generation by the engine, large

valves with increasedD is suggested to be uséar enlarging the power capacity of the

v,min

engine system.
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Figure 11. The critical motor speed affected yrinimum diameter of the valve and the

engine volume.

The power capacity of the large engine (1908) arsing large valves, .. =12 mm) was

predicted, as shown in Figure 12. Compressed dh piessure of 5, 10 and bér was
expanded in the engine respectively. It was folnad the maximum power generations at the
motor speed of 600 rpm in the above cases wereighs as 3kW , &kW and 1RW

respectively. Beyond the motor speed of 600 rpm pibwer generation was restrained by the

fixed D, . of the valves. With larger valves used, improvedimam power by the engine

can be achieved under a higher critical motor sge€00 rpm). However, the large time
delay of the large valves may cause failure in i@linig the opening and closing operations

under high motor speed.
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6. Further discussionson the piston based engine

In theory, the power generation by the engmelffected by the p-crank angle, motor
speed, gas pressure and temperature, chamber vahohtee minimum inner diameter of the
valves used at the inlet and outlet of the pistageld engine. However, in practical cases, the
engine power generation is also significantly ieflaed by the performance of engine in the
gas expansion process. This section concerns ficee€y of the engine and its effect on the

energy storage efficiency of the CES system.
6.1 Engine efficiency

The engine efficiency refers to the exergy efficiethat is defined as the ratio of actual
power output to the theoretical engine power basethe thermal analysis. In the case study
of the small engine (162 én the practical power generation by experiments expressed

as 36.2xTor, [, where « is themotor speed, whildor,represented the torque percentage

by engine contribution. Consequently, the engirieiehcy can be formulated:

362xTor, [a

Nengine = Kpo1 (25a)
L e momam- (e e ]E{r[l—coswl)] +|[1—\/1—(r)2sin2(axl)]}
Kpo=1 71 P, I
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In the experiments, electricity consumption (ECY atectricity output on the motor (EM)

were measured, therefore, the engine efficiencybea@xpresses as:

_ EC-EM (25b)

Kpo—1

L e momam- () o ]#r[l cost,)] +1[1- \/1—(r)2sin2(axl)]}
kK,—1 P, I

po

,7 engine

In a case study with a large engine (1908)cthe inlet pressure of the compressed air was
20 bar, the inlet angle was set as Wile the motor speed was 60 rpm. The measured
electricity consumption (EC) on the motor was 60 While the maximum net electricity
output of the motor (EM) was -160 W. Therefore, émgine power (EP=EC-EM) generation
was as high as 220 W. Based on the given paranietdre case study, the theoretical engine
power was evaluated as 664 W. According to Eq.(&%, engine efficiency for the large
engine under the conditions was approximately 33 #&t a small engine (162 &rnunder
the same operating conditions, EC and EM were medsas 45 W and 15 W, respectively.
As a result, the engine power (EP) was equal t&v3®lowever, the theoretical engine power
was calculated as 57 W under the conditions, setigee efficiency of the small engine was
as high as 52.6%. It was noted that the large enguiuced a lower engine efficiency. This is
because more exergy loss is caused due to thegunatdegas expansion in the large engine
chamber. However, it doesn’t indicate small engmbetter, since the engine system results
in a net electricity consumption (EM) indicatingetinon-feasibility of the engine in a real

CES system.
6.2 Influence of the engine efficiency on ener gy storage efficiency

Although the efficiency of the large engineetatively lower than that of the small engine,

large engine is still recommended to be used ifE® Gystem. This is because large engine
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can result in a net power generation that can be ls#ck to the electrical grid for peaking

shifting purpose.

From the point of view of energy storage andisation, the contribution of the engine
system lies in the net output power by the sysiBmerefore, the actual engine efficiency can

be expressed as:

_ ~EM (26)

L 3 mmam- By ]#r[l cost,)] +I[1- \/1—<r>2sin2(axl)]}
k -1 P |

po in

I
,7 engine

As a result, in the above case study, the largenengystem had an actual efficiency of
24.1%. In contrast, for the small engine systene, #lctual engine efficiency for power

generation was -26.3%.

In the CES system as demonstrated in [2, b@],energy storage efficiency of the CES

system can be formulated as:

W, -W
Neces = —F (27)
Eheat + Ecold

where W, represents the power generation by the engineemsyst/, is the electricity
consumption for pumping the working fluid in the rfiRane cycle; E_, represents the
electricity consumption for storing cold energy tine cold storage medisE,, is the

electricity consumption by heaters in the Rankipglee From the above analysis, the storage

efficiency is written as:

MNees = “EV _W_p (28)
Eheat + Ecold

A case study was presented below to show tihgeimce of the actual engine efficiency on

the energy storage efficiency of the CES systenthéncase study, the expansion gas was
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heated up to 20%C by the heater in the Rankine cycle. Since pump e used in the actual
operation, the electricity consumption by the purgs zero. With a mass flow rate of 0.0426

kg/s, the theoretical engine power was:

Kpo—1

ER,, = 00426x—— [R T, [l-(-t) (29)
kpo -1 Rn

which was calculated as 8659 W under the aboveatipgrconditions. In terms of the above
engine efficiency of 33.1%, the actual engine po{&?) by the large engine was 2866 W.
However, in consideration of the electricity congion (EC) by the system, the net output
of the engine system was further reduced to 2084InMthe experiment, the electricity

consumption by the refrigeratorE(,,) for cold energy storage was 4000 W, while the
electricity consumption in the super heatr () for heating the working fluid to 20t was

7000 W (electricity consumed) or 0 W (waste heainfrdiesel engine used). As a result, the
CES efficiency was estimated as approximately 18.886 52.1%, respectively. This
indicates that for storing 10 kW of cold energy dpnsuming cheap electricity in off-peak
time, the CES system has a capacity of feeding letaitricity of 1.9~5.2 kW that can be
later used in peak time. Therefore, engine efficjem practical operations is still a big

challenge for promoting the CES technology develepim
7. Concluding remarks

Theoretical study indicates the significaneetfof p-crank angle on the power generation
by a piston based engine. Under different operatorglitions and the geometric parameters
of the engine (i.e. the length ratlo/r ), the optimal p-crank angle which leads to the
maximum power generation varies in the range 6febisl 78. Apart from that, motor speed,
gas pressure and temperature, and chamber voluweeplaaitive influence in increasing the

power generation by the piston based engine. Hekydlve promotion of the power capacity
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is limited by the minimum inner diameter of thewed at both inlet and outlet of the engine

system.

Although large engines have a lower engine efficyetompared with small engines due to
the more exergy loss in the chamber, it is stilinpetitive since a net power generation is
induced, showing its feasibility in a real CES syst Considering the power consumptions
by the motor, the actual efficiency of the largeiee was calculated as 24.1% in a case
study, while in contrast, it was -26.3% for the #nemgine in the case. Due to the low
engine efficiency, the energy storage efficiencynef CES system in two different situations
was estimated as approximately 18.9% (when elégttonsumed in the super heater) and
52.1% (when waste heat from diesel engine is raeoNerespectively. Therefore, there is a
long way for improving the engine performance. Hoere from the point of view of

electricity saving in off-peak time, cold energgrstge is still worthwhile.
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» Under different operating conditions and the geometric parameters of the engine (i.e. the
length ratio L/r ), the optimal p-crank angle which leads to the maximum power generation
variesin the range of 55° and 76°.

« Although large engines have a lower engine efficiency compared with small engines due to
more exergy loss in the chamber, it is still competitive since a net power generation is induced,
showing its feasibility in areal CES system. Considering the power consumptions by the motor,
the actua efficiency of the large engine was calculated as 24.1% in a case study, while in
contrast, it was -23.6% for the small engine in the case. Due to the low engine efficiency, the
energy storage efficiency of the CES system was estimated as 18.9% and 52.1% in two different

situations.



