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1 INTEGRATING COMPRESSED AIR ENERGY STORAGE WITH A DIESEL

2 ENGINE FOR ELECTRICITYGENERATION IN ISOLATED AREAS

3 Yongliang Li", Adriano Sciacovelli, Xiaodong Peng, Jonathan Radcliffe and Yulong Ding
4 School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, UK

5 Abstract

6  This paper reports an integrated system consisting of a diesel genset and a Compressed Air
7  Energy Storage (CAES) unit for power supply to isolated end-users in remote areas. The
8 integration is through three parts: direct-driven piston-compression, external air turbine-driven
9 supercharging, and flue gas waste recovery for super-heating. The performance of the
10 integrated system is compared for a single diesel unit and a dual-diesel unit with a capacity of
11  electricity supply to a village of 100 households in the UK setting. It is found the fuel
12 consumption of the integrated system is only 50% of the single-diesel unit and 77% of the
13  dual-diesel unit. The addition of the CAES unit not only provides a shift to electrical energy
14 demand, but also produces more electricity due to the recovery of waste heat.
15 Key words: district energy supply; compressed air energy storage; thermal energy storage;
16  supply side management; system integration.
17

18  "Corresponding author: tel.+44 (0)121 414 5135; e-mail y.li.1@bham.ac.uk

19
Nomenclature
A Constant Eq. (8) (K)
h Specific enthalpy (J kg™)
hy Vollumetric heat transfer coefficient (W m™
K™)
m Mass flow rate (kg s™)
m Mass (kg)
n Polytrophic factor
N Number of stages (-)
P Pressure (Pa)
R Universal gas constant (J kg™ K™)
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T Temperature (K)
t Time (S)

Y Volume (m°)

W Power (W)

Superscripts

rated

Rated conditions

max maximum
Subscripts

a Air

AT Air turbine

am Ambient conditions
ex Exhaust

f Fuel

DE Diesel engine

EU End user

IC Inlet compressor

LHV Lower heating value
PC Piston compressor
PCM Phase change material
S storage

SD Supercharged diesel engine

Greek letters

y Adiabatic index (-)

n Diesel engine thermal efficiency (-);
isoentropic efficiency (-)

A Air to fuel ratio (-)

4 Constant parameter Eq. (2)

p Density (kg m™)

o Normalized standard deviation (-)
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1. Introduction

The use of diesel generators is a preferred option for electricity production in remote areas
where the cost of national grid extension is prohibitively expensive [1-4]. While diesel power
generating unit requires relatively little investment, the fuel costs increase by up to a multiple
of six to ten when the associated transportation charges are taken into account [2, 5].
Therefore operating a diesel power generator at a higher efficiency is critical for saving fuel
cost, which also brings environmental benefits. A typical load pattern for remote area power
supplies (especially for village scales) is characterized by a small to medium base load, and
several periods of high electricity demand during a day [1, 6]. In addition with the intermittent
renewable electricity generation such as wind power, in most cases diesel generators have to
be operated at a low load factor for most of the time. Figure 1 shows fuel consumption and
efficiency characteristics of a typical diesel engine operated at different load factors (as
described in details in Section 3.1). It can be seen that, for a low- and medium-penetration
system, the diesel fuel consumption even at zero load, is approximately 35% of that at the
rated power output. Moreover, operating a diesel generator at light loads (< 30-50% of rated
load) can accelerate carbon deposits of wear and tear and thus shorten the lifetime of the
equipment, leading to a high maintenance cost [7, 8]. As a consequence, interests in the
integration of diesel engine with energy storage technologies have been growing enormously
over the past decades. Studies have been done on enabling diesel generators to be operated
above a certain minimum level of load in order to maintain an acceptable efficiency and to

reduce the rate of premature failures [9-12].

Attention has also been paid to the waste heat recovery of diesel engines to enhance the
overall performance. An inspection of the energy balance of internal combustion engines

indicates that the input energy can be roughly divided into three equal parts: energy converted
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to useful work, energy transferred to coolant and energy lost through exhaust [13, 14].
Thermal energy loss from the exhaust can be regarded as a high grade, which has a
temperature ranging approximately from 400 to 600°C [15]. Recent work has shown a
potential increase in the overall efficiency by up to 30% through efficient recovery of waste
heat [16]. Technologies proposed for the recovery of waste heat include Organic Rankine
Cycle (ORC) [17], thermoelectric generation [18] and the use of heat pumps [19]. However,
when a diesel engine is used for remote electricity generation, the temperature of the exhaust
gas changes frequently as does the load factor [20]. Thermoelectric power generation is
expensive and has a low efficiency. The unsteady exhaust gas temperature is disadvantageous
for the operation of an ORC engine or a heat pump. Compressed Air Energy Storage (CAES)
presents an alternative solution to the issue, which can store excessive shaft power, and
recover the waste heat of the diesel engine in the energy extraction process. Using CAES to
deal with the stochastic fluctuations of wind power in wind-diesel hybrid systems has been
examined numerically, and the results are promising in enhancing the wind energy penetration
[2, 21]. In this paper, an integrated diesel-CAES power system is proposed and investigated.
The aim is to reduce fuel consumption and production costs for electricity generation in rural
areas. Specific attention is paid to the operating principle and the influence of demand patterns
of end-users. This may lead to a real system to be developed accordingly to demonstrate the

advantages.

2. System configuration and operating principle

Most modern diesel engines are turbocharged or even supercharged. A turbocharger or a
supercharger is made up of a coupled compressor-turbine unit aiming to increase the density
of the engine air intake. This results in the engine producing significantly more power than a

naturally aspirated engine with the same combustion-chamber volume. The difference
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between the turbocharger and supercharger is that the supercharger has a compressor driven
mechanically by external power such as the engine's crankshaft, while a turbocharger is

powered by the engine exhaust, therefore does not require any mechanical power.

This paper focuses on an integrated diesel-CAES system in which the diesel engine could be
supercharged by a CAES unit, as illustrated in Figure 2. The diesel engine used in such an
integrated system differs from the traditional engine in the air intake method: the atmospheric
air can either be naturally aspirated or forcibly compressed into the combustion-chamber
depending on the switch conditions of a 3-way valve located at the engine inlet. The CAES
unit is made up of a piston compressor, a compressed air reservoir, two heat exchangers and a
two-stage air turbine. The diesel engine and the CAES unit are integrated by three parts: first
the diesel engine shaft and the piston compressor shaft could be mechanically connected or
disconnected through using Clutch 1. Second, the air turbine shaft in the CAES unit and the
compressor shaft in the diesel engine can be mechanically connected or disconnected by the
use of Clutch 3. Third, the flue gas from the diesel engine and the compressed air from the
reservoir are both fed into Heat exchangers 1 and 2 for waste heat recovery. It is worth
mentioning that two heat exchangers are used not only for the heat transfer between the flue
gas and compressed air, but also for the storage of thermal energy in cases where the engine
and air turbine operate at different times. Phase Change Materials (PCMs) can be packed into
the heat exchangers for high-density thermal energy storage. Examples of PCMs for such an
application are composite materials consisting of an inorganic salt (PCM) and a ceramic
matrix due to their favorable costs, good energy density and a wide range of melting

temperatures [22].
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From the above one can see there are three power-related components in the integrated system:
diesel engine, piston compressor and air turbine (includes the coupled compressor for
supercharging). Theoretically, based on the operating status of the three components, the

system has 8 operating modes, as listed in Table 1.

Of the modes shown in Table 1, Mode 6 is the off state of the integrated system whereas Mode
7 is almost inapplicable as the air turbine is not connected to the piston compressor in the
system. In addition, from an energy utilization point of view, Mode 7 is not practical as it
produces nothing, but consumes compressed air, due to process irreversibility. Similarly,
Mode 8 is virtually impossible as no power is available to drive the piston compressor. As a
result, the integrated diesel-CAES system has the following five potentially useful operating
modes:

e Mode 1 focuses on a supercharged-diesel process to respect the high demand of end-
users. In this process Clutch 3 is connected while Clutch 1 and Clutch 2 are
disconnected. The 3-way valve is turned towards the compressor side so that the
coupled air turbine-compressor is able to intake more air to be compressed into the
diesel chamber. The reason for using a coupled air turbine-compressor instead of
charging the diesel chamber directly with compressed air from the reservoir, is that the
air pressure in the reservoir is much higher than the required pressure of diesel
chamber. With waste heat recovery from flue gas the high-pressure compressed air in
the reservoir can drive the coupled air turbine-compressor to produce about 5 times of
low-pressure compressed air that is required by the diesel chamber.

e Mode 2 is a mode with all the clutches disconnected and the 3-way valve turned
towards the atmospheric side. As a result the diesel engine runs in a traditional manner:

the atmospheric air is naturally aspirated into the cylinder for combusting the diesel



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

fuel. The shaft power produced by the diesel engine is used to generate electricity for
end-users. The exhaust gas of the diesel engine is used to heat the PCMs in Heat
Exchangers 1 and 2 in order to recover the high grade heat for later uses in the
compressed air expansion process.

e Mode 3 is similar to Mode 1 but with Clutch 1 connected. The power generated by the
supercharged diesel engine is used to respect the end-users’ demand, as well as drive
the piston compressor to produce the compressed air.

e Mode 4 is similar to Mode 2 but with Clutch 1 connected. The power generated by the
diesel engine is used to respect the end-users’ demand as well as drive the piston
compressor to produce the compressed air.

e Mode 5 is a case with the diesel engine turned off, Clutch 1 and Clutch 3 disconnected
and Clutch 2 connected. The compressed air is heated up first by the thermal energy
stored in Heat exchanger 1 and Heat exchanger 2 prior to the expansion in the air
turbines to drive Generator 2 to produce electricity for end-users. Such a process
avoids the diesel engine to operate at a very low load factor and as a result saves on

fuel consumption.

The proposed integrated diesel-CAES system is designed to match the load of typical end-
users in remote areas without access to electric grids. Therefore, the operation mode of the
system has to be updated regularly after each operating step. In the operational mode selection
process, not only the end-user’s demand, but also the pressure of the air reservoir and the
status of the heat stored in the heat exchangers play decisive roles. In this study a control
algorithm is developed and programmed in MATLAB. In this program, the power

consumption of the piston engine, the maximum power outputs of the air turbine and the
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supercharged diesel engine are calculated based on the updated inputs. Table 2 presents the
logic to select the operation mode at each instant of time. First pressure Ps in the CAES
reservoir and end user demand Wgy are assessed. If Ps is higher than the maximum allowed
value CAES charging is not possible; otherwise CAES charging can potentially take place in
the case power output of the asset is large enough to satisfy both the end user demand and
provide power to the piston compressor to charge the CAES. If this is not the case meet the

satisfying the end user demand has the priority over CAES charging. When storage pressure
is within the allowed range (P.,"" < P, < P,"® ) CAES discharge can occur and if the end user

demand is smaller than the power delivered by the air turbines. It should be noted that such a
selection principle is based on the assumption that the rated mass flowrate of the piston engine
is higher than that of the air turbine. This ensures the possibility to charge the CAES reservoir.

In fact, if mpc=0; my=0 # 0 and mpc<m 7 Under design conditions the mass flow rate

withdrawn from the CAES would be higher that the injected one without the necessary

conditions for air accumulation in the reservoir.

Compared to non-charged diesel engines, the integrated diesel-CAES system can downsize the
scale of the facility due to the application of supercharging, thus enabling the system to be
operated at a high load factor. In addition, the integrated system could supply electric power
solely by air turbine when the end-users’ demand is low (Mode 5), thus avoiding the diesel
engine to be operated at a very low load factor. In the following, attention is given to fuel
consumption of the integrated diesel-CAES system using the results of traditional diesel sets

as the baseline.

3. Thermodynamic modelling of the key processes
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Numerical modeling is employed in this section to examine the effect of the use of CAES on
the efficiency and fuel consumption of the diesel engine. As described in Section 2, the
integration is through 3 main parts in the diesel-CAES integrated system consisting of the
diesel engine, the piston-compressor and compressed air reservoir, the air turbines (including
the heat exchangers) and a coupled compressor. In the following, each of the components will
be numerically modeled to evaluate the overall performance of the integrated system. It should
be noted that many factors influence the performance of the components including the
manufacturer, the operational conditions, and sizes etc. However, as this work represents a

first step towards developing such an integrated system, generic models are adopted.

3.1 Diesel engine (including the inlet compressor)

This study focuses on two main performance indicator for the diesel engine: the efficiency and
the fuel consumption. In a diesel engine the fuel consumption rate is governed mechanically or
electronically by a fuel injection system to meet the required load factor. In our study the
diesel engine works in two different modes depending on the end-users’ demand. When the
demand is lower than the rated power (the maximum power output without supercharging), the
supercharging unit is switched off (Mode 2 and 4). Therefore the fuel consumption and

thermal efficiency of the engine could be estimated as[6, 23]:

m, W
- =F+ 1_ .__DE
ml};ated 5 ( é:) WDn:Eax (Eq- 1)
WDE
Noe = —~
o m; 'QLHV

(Eq. 2)

. ; . rated : .
In the above equations, M and m;ate are respectively the real-time and rated flow rate of the

diesel fuel, Wy and WSE ™ are respectively the real-time and rated power output, & is a
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constant related to the consumption curve of the generator and is equal to 0.34 for a non-
charging diesel engine, Q,,,, is the lower heating value of diesel fuel equal to 43.4 MJ/kg.
The rated thermal efficiency of the diesel engine 5" =W,§‘Ea"/n'ﬂated Qv Is set at 0.32 in this
study. As the diesel engine operates at a constant rotational speed for electricity generation,

the mass flow rate is considered to also be constant in this mode with the rated air/fuel ratio

-~ rated . . -
Jreted Lm equal to 14.7 based on stoichiometric balance.
mf

When the end-users’ demand is higher than the rated power, the supercharging unit is
switched on so more air can be blown into the combustion-chamber by the inlet compressor
(operational mode 1/3). For a constant speed diesel engine with pre-cooling, the mass of air

entering the engine is proportional to the inlet pressure as:

m, _Fec
- rated
m, I:)am (Eq. 3)

In the above equation P, is the outlet pressure of the inlet compressor, Py is the ambient
pressure, and m, is the mass flow rate of air entering the engine The power consumption of the

compressor is featured with isentropic efficiency. This is the comparison between the actual
performance and the performance that would be achieved under idealized circumstances
(isentropic processes) for the same inlet state and the same exit pressure. In order to meet the
users’ demand at all times, the compressor has to operate under off-design conditions using
different outlet pressure and flow rate. The isentropic efficiency #,c of the inlet compressor

varies with the real-time outlet pressure and can be evaluated as [24]:

2

e Ahsr °
=1- -1
77|r§f Ahs (Ea-4)
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In the above equation Ah, indicates the enthalpy change in an isentropic process, while the

superscript ref denotes the reference state at the design point or process. The necessary work
for compression then can be expressed as:

W, =m, -W, /7, (Eq. 5)

In the above equation W, is the specific power consumption in an isentropic process and Wc
Is the actual power required for the compression process

ma
The thermal efficiency #sp of the diesel engine relates to the real-time air/fuel rati0/1 = m_

f

following a quadratic model [2]:

Nsp = (0.55 -0.23- [(/1 — 53_(%8.3}1

The power generated by the engine when supercharged can then be calculated by:

(Eq. 6)

W — mrated . .
sD f Nso Qi (Eq. 7)

The temperature of the exhaust gases can also be calculated using the following estimate [2]:

Tex — lam +L
1+1-B (Eq. 8)

In the above equation T, is the ambient temperature. Aand B are constants which equal to

1000K and 0.0667 based on the experimental tests.
It should be noted that such a selection principle is based on the assumption that the rated
mass flowrate of the piston engine is higher than that of the air turbine. This ensures the

possibility to charge the CAES reservoir. In fact, if m,.#0; m,,#0 7 0 and my.<m,;

under design conditions the mass flow rate withdrawn from the CAES would be higher that

the injected one without the necessary conditions for air accumulation in the reservoir.
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3.2 Piston compressor and compressed air reservoir

Air compression and storage is an unsteady process due to the air pressure in the compressed
air reservoir varying over time. Hence, the power consumption of the piston compressor has to
be taken into account. The piston compressor is mechanically connected to the diesel engine
and as a result operates at a constant rotational speed and mass flow rate when clutch 1 is on.
As a general observation in multistage piston compressor, pressure ratio of initial stage (low
pressure stages) is higher compare to final stage (high pressure stage). However in a
preliminary study an equal compression ratio model is adequately accurate [25]. Therefore for

a N -stage piston, assuming the compression ratio is the same for each stage and the

compression is polytropic, the power consumption Wpec is then calculated by:

n-1

N-n Py |V
W,. =m,. - ——RT — -1
PC Pc g am (P J (Eq. 9)

am

In equation 9 m,. and N represent the mass flow rate of air and the stage number of
compression with inter-cooling, R is the universal gas constant, n is the polytropic factor
which has a value ranging between 1.0 and y (the adiabatic index) with n=1.0 being the
isothermal process and n=y the adiabatic process, P,, and T, stand respectively for the
ambient pressure and temperature, and P is the pressure in the compressed air reservoir. This

study uses data from available commercial compressors with a polytrophic factor of n=1.25
and a stage number of N =4 . It is worth noting that from modeling point of view the
compressor operates with time variable compression ratio since pressure in the compressed air

reservoir changes over time.
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It is also assumed that the temperature of the compressed air in the reservoir is constant which
equals to the ambient temperature. Such an assumption is reasonable due to inter-cooling in
the multistage compression process. And furthermore compression heat will also release to
surroundings in the storage period. Based on this assumption the process of compressing the
air into the reservoir, or releasing compressed air from the reservoir, affects only the storage

pressure Py . This can be calculated from the total mass of compressed air and the volume of

the reservoir. It's also worth mentioning that in this study we only consider isochoric storage

instead of isobaric storage which ideally is more efficient but less developed [10].

3.3 Air turbine and heat exchangers

Similar to the inlet compressor, the air turbine has to operate under off-design conditions in
order to respect the power requirement of the inlet compressor (operational modes 1 and 3) or
end-users (operational mode 5). Similarly it is assumed that the expansion processes in high-
pressure stage and low-pressure stage of the air turbine have the same pressure ratio. In a
rotary turbine the mass flow rate depends on the inlet conditions and the corrected mass flow
rate of the air turbine under off-design conditions is expressed as:

. ref
mAT _ PAT TAT

. rated ~ pyref
mAT PAT TAT

(Eq. 10)

ref

In equation 10 P,{? and T,r denote respectively, the reference inlet pressure and temperature

(values at the design point) while P, and T, are the real-time inlet pressure and temperature.
The isentropic efficiency of the air turbine and the generated power can then be calculated
similarly according to the inlet compressor. Eq. (10) is applied separately to both high pressure

turbine and low pressure turbine. Table 3 lists the design conditions for the two turbines;
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nominal inlet temperature is 200°C while nominal expansion ratio is 10 for both turbines. Inlet

pressure for the high pressure turbine is the same as CAES pressure at each given time.

It is worth mentioning that the heat exchangers are used for both heat transfer and thermal
energy storage. In cases of operational modes 1 and 3, the flue gas and the compressed air
exchange heat directly in conventional ways. In cases of operational modes 2 and 4 the
thermal energy of the flue gas is stored within the PCMs of the heat exchangers and, the stored
thermal energy is recovered in Mode 5,when the diesel engine is turned off. It is also worth
mentioning that under design conditions the air turbine is coupled with the inlet compressor to
drive the air pre-compression process. As mentioned, due to the much higher expansion ratio
in air turbine and much lower compression ratio in inlet compressor, the rated mass flow rate
in air turbine is generally a forth to a fifth of that in inlet compressor. In another word the
waste heat generated in diesel engine is much more than the required heat in air turbine in
modes 1 and 3. The excessive heat, as well as the waste heat generated in modes 2 and 4, are
stored in the PCMSs which is quantitatively adequate to supply heat to air turbine in mode 5.

From our modelling study the longest contiuous period of mode 5 operation is 10 hours. Thus
the size of PCM storage should guarantee a continuous heat supply for such period of time. it
results that using a phase change material with energy storage density of 200 kJ/kg (molten

salt) the storage system has to accommodate about 0.5 m* of PCM.

3.4 Balance of the system

The problem to be resolved in this study consists of finding the correct operational mode and
the operational state for a given load and real-time states (pressures) of compressed air. Thus
the following equations are verified:

1) Balance equation of the diesel engine’s crankshaft
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The power supplied by the diesel engine (either supercharged or non-charged) must be equal

to the total load requirement, including the power consumption of the piston compressor:

W, =Wy, for Mode 1;
Wpe =Wy, for Mode 2;
W, =W, + W, for Mode 3;

Wy =W, + W, for Mode 4.

2) Balance equation of the air turbine
The power generated by the air turbine must be equal to the power consumption of the inlet

compressor or the power requirement of the external end-users:

W, =W, for Modes 1 and 3;

W, =W, for Mode 5.

As described above the power output, together with the mass flow rate of the air turbine,
relates to the pressure ratio. The inlet pressure of the high-pressure air turbine in the system
could be adjusted using the valve located at the outlet of the compressed air reservoir. This
should be lower than either the reference value or the pressure in the reservoir.

Pyrw <min(Pi,,, Py)

The inlet temperature of the air turbine should also lower than both the design value and the
temperatures of the flue gas or the PCMs in the heat exchangers. This is physically achievable

by the design of a multi-channel heat exchanger: in modes 1 and 3 the high pressure air

exchanges heat with flue gas and in mode 5 the high pressure air exchanges heat with PCMs.

Tar = To — AT, Tor Modes 1 and 3;

Tar =Tpems — AT, for Mode 5.

loss



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

In the above equation Te, and Ty are the temperatures of flue gas and the PCMs medium.

AT, is the temperature loss in the heat transfer process.

3) Balance equation of the compressed air reservoir
In anisometric storage system the balance of compressed air in the reservoir is governed by the

following equation:
(m i )-AtZ( teAt t)_v

PC AT Ps Ps ) Vs (Eq. 11)
In equation 11 t and At are the operational time and time interval respectively, Vs is the

volume of the compressed air reservoir, mp. and mp; are the piston compressor mass flow

rate and the air turbine mass flow rate, ,0; and ,Oém respectively are the density of

compressed air before and after the time-step operation.  This can be calculated from the
corresponding storage pressures based on the isothermal assumptions.

The equations presented in Sect. 3 were implemented in Matlab 2014®. The equations
constitute a close set of equation that was solved at each instant of time to evaluate all the

variable of interests including mass flow rates, pressures, temperatures and electric power.

4. System performance evaluation and discussion

The diesel-CAES integrated system is proposed to generate electricity for domestic users in
remote areas. A small isolated village of 100 households is used as an example for the external
end-users. The individual household electricity consumption recorded with 5-minutes intervals
in Newcastle (England) and Llanelli (Wales) is selected as the data resources of elementary
electricity consumption profiles. However in this study we reset the time interval to be 2 hours
by averaging the numbers within the period. This is because in real applications once the

diesel engine is started, it should remain in service for a minimum amount of time of at least
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one hour [26, 27] and short-term intermittence should be met by power quality improvement
technologies such as rechargeable batteries.

Figure 3 shows a one-year electricity consumption profile of the isolated village on a day-to-
day basis starting from the first of January. This reveals that the power consumption in winter
is higher than in summer due to space heating. Figure 4 indicates accordingly, the electricity
requirement distribution based on a 2-hour interval. It is found that the power requirement was
mainly in the region of 20kW to 80kW. However, the maximum electricity requirement is as
high as 180kW. As a result the high capacity generation has to be installed to supply the peak
demand, but will ultimately be idle most of the time. It should be noted in Figure 3, the
average daily electricity requirement shows the peak value is lower than those based on a 2-

hour interval in Figure 4.

The conventional generation capacities of two different schemes with diesel-only engines are
used as benchmarks to evaluate and compare the performance of the diesel-CAES integrated

system. Three systems considered in this study are:
e System 1: This system is a non-charged diesel engine. In order to produce electricity
for the end-users independently, the rated capacity of the engine is set to equal the

maximum load requirement for a full yeary m —w .

e System 2: This system is made up of two non-charged diesel engines. One is used as
the base capacity while the other is used as the peak load. The rated capacity of the

base load engine is equal to the average load of the end-users wr> —w_, where w_, is

DE1

the annual average load of the end-users. And the peak load engine helps cover the

maximum load requirement with the rated capacity of wr —wr=_w_, (generally

DE2

wre s wm). This system operates based on the following rules: in the case that the
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end-users’ load is lower than the average load, only the base load engine works. Else
when the end-users’ load is lower than the peak engine’s rated capacity, only the peak
engine works. Otherwise while the end-users’ load is higher than the peak engine’s
rated capacity, both the engines are turned on to accommodate the end-users’ demand.
It should be noted that although theoretically more diesel engines with different
capacity can be adopted, it causes much more frequent starting and stopping which has
negative effects on the efficiency and lifetime of the engine [3].

e System 3: This is the diesel-CAES integrated system. The maximum electricity output

of this system with supercharging is set as wr = 4.w. > Where ¢=1.05is the safety

coefficient. This is because the maximum power output of the integrated system

depends on the storage pressure of the compressed air. If the storage pressure p, is

lower than the reference pressure of air turbine, the maximum power output of the
integrated system is then lower than the rated value. Apart from the scale of the engine
and the settings described in Section 3, the other key parameters for the integrated

system are listed in Table 3.

The fuel consumption rate and efficiency (diesel engine efficiency for system 3) of the three
systems are shown respectively in Figures 5 and 6 (in order to make the images clearer, only
one point is plotted per day). It demonstrates that the idling fuel consumption plays an
important role in the performance of the diesel engine. System 1 has the biggest scale diesel
engine and, as a result, the largest idling fuel consumption. This leads to a fuel consumption
rate of 22 L/hour or higher even at idling or low load factor operation, resulting in the engine
operating at an efficiency that is lower than 20% for the majority of the time. As shown in the

figures, Systems 2 using two engines as an alternative is an efficient way to save fuel. As
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shown in Figure 5 the two diesel engines in System 2 operate simultaneously while the
electricity demand is higher than the single engine’s rated power. During these times, fuel
consumption and efficiency are almost the same as System 1. However, when the end-users’
demand is lower than the single engine’s rated power, only one engine is used. Consequently
the fuel rate decreases lower than 15 L/hour, enabling efficiency to be maintained in excess of
20%. This advantage avoids the diesel engine operating at very low load factors and, as a

result, significantly improves the overall performance of the system.

Compared with System 2, System 3 enhances performance by removing the idling fuel
consumption at lower demands. As seen in Figure 5, the diesel engine is turned off
(operational mode 5) for a considerable part of the operating times when the end-users’
demand is powered solely by the air turbine. This keeps the diesel engine operating at only
high load factors and, as a result, the efficiency is always more than 25%. Figure 6 illustrates
the high efficiency of the engine in System 3, which is often as high as 53% when the diesel
engine is supercharged. It should be noted that this efficiency, as defined in Section 3, is
higher than the traditional thermal efficiency. This is becasue the diesel engine is externally
powered by the air turbine. The overall fuel consumption of the diesel-CAES integrated
system is far less than Systems 1 and 2, as shown in Figure 7. This results in the annual diesel
fuel consumption of the three systems being 242m?*, 158m® and 121 m®, respectively. Thus,
using System 2 to replace System 1 leads to a reduction in fuel of 34.7%. Moreover, using
system 3 to replace system 2 brings a further 23.4% reduction, thanks to the integration of the

compressed air energy storage unit.

Overall, one can see that system 1 has only one operational mode, while system 2 and system

3 have 3 and 5 operational modes respectively. The more operational modes the system has,
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the higher the efficiency it works at to keep variable load profiles consistent. Figure 8 plots the
operational modes of system 3 at varying times. Apart from the most frequent operational
modes 5 and 2, operational modes 3 and 4 account for a large part of the overall operation.
The participation of operational modes 3 and 4 changes the distribution pattern of the
electricity generated by the diesel engine, as illustrated in Figure 9. When comparing with
Figure 4, the load of the diesel engine below 50 kW is removed, partially by operational
modes 3 and 4 to a region higher than 100 kW. This indicates that the piston compressor is an
additional help to the diesel engine when operating at very high load factors and, as a result,

enhances the overall performance of the system.

The overall performance of the CAES unit is important to the system. Because of the energy
losses in the compression and expansion processes, the isolated CAES (without combustion) is
restricted due to its low efficiency. However, in the diesel-CAES integrated system this
disadvantage is overcomed by the recovery of the waste heat in the flue gas. Figure 10 shows
the overall energy generation of the diesel engine in three systems. It is found the net power
generation of the diesel engine in system 3 is 408 MWh, which is lower than those of system 1
and 2 (419 MWh). Therefore, the overall power generation of the air turbine is greater than the
overall power consumption of the piston compressor. This results in an effective energy
storage efficiency (the ratio of energy generated by air turbine and energy consumed by piston
compressor) of more than 100% due to the use of heat recovery. This is easily understandable
due to the high temperature of the flue gas being 200°C to 500°C or even higher. From the
thermodynamic view, heating the compressed gas from ambient to 300 °C prior to expansion
roughly doubles the net power output. In particular, as the air expansion is an open cycle the
compressed air can be heated up as high as possible even with variable flue gas, making the

heat recovery process quite efficient.
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The advanced pressure storage vessel is always an issue for small scale CAES as it is costly to
develop and to safety-test. Therefore a smaller volume of the advanced pressure vessel makes
the diesel-CAES integrated system more competitive from an economic aspect. In the above
example, the volume of the vessel is set at 10m®with the real-time storage pressure illustrated
in Figure 11. Increasing the vessel volume will decrease the pressure fluctuation as shown in
Figure 12, while based on the simulation changes of the fuel consumption are negligible (the
annual average efficiency increases from 34.7% to 34.9% when changing the storage volume
from 10m® to 20m®). However by decreasing the storage volume to a lower than critical value
this may cause failure of the electricity supply as the peak load generation (operational mode 1)
requires continuous compressed air supply. The time interval is the key parameter affecting
the critical storage volume. Generally the decrease in the time interval results in a proportional
decrease of the critical storage volume. For example the critical storage volumes for system 3
above are respectively 10m?, 4.75m* and 2.8m? for the time intervals of 2 hours, 1 hour and
0.5 hour. However, it should be noted that in the above simulation the switching time of
different operational modes are ignored, while in practice the heating up of compressed air
may take several minutes or even longer. Furthermore, the frequent switch of the operational
mode also shortens its lifetime as mentioned. As a result, selection of the storage volume is a
balance of contributing factors mentioned above, together with the costs of power quality

improvement and load following facilities.

As discussed above, the diesel-CAES integrated system in this study is proposed to efficiently
generate electricity for isolated end-users with highly variable load patterns. Therefore the
characteristics of the load pattern play a pivotal role in assessing the performance of the

system. The load patterns of the end-users vary significantly with the location, the users’
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composition, economics and many other factors. However in this first step of a feasibility
study a statistical parameter named ‘Normalized standard deviation’ is used to roughly

evaluate the characteristics of the load profile defining as:

N 2
o- ii[wﬁ?;x—wﬁ;j
N t=1 WEU WEU

In equation 12 Wey is the end-users’ load in a specific time (in this study the average load is

(Eq. 12)

within 2 hours), N =4380 is the number of timed intervals in a full year. From this

definition one can see the specific load is normalized first by dividing the max load in the year

WETJaX and then the standard deviation is calculated in a normal way. As a result the

normalized standard deviation measures the normalized spread of the specific load when

calculating the yearly mean load.

Using the example load profile in Figure 3 as the baseline, different load profiles are
developed numerically by changing the altitude and the base-load. If these developed loads are
supplied independently by the three systems discussed above, the annual average efficiencies
are plotted in Figure 13. It is found the efficiency of system 1 decreases linearly with the
increase of the normalized standard deviation, indicating the single engine is not suitable for a
highly variable load. In comparison, system 2 can efficiently cover slightly changing load
profiles with the normalized standard deviation lower than 0.14, otherwise the annual average
efficiency decreases linearly as system 1. For system 3 the result is adverse. When the load is
very stable with the normalized standard deviation lower than 0.14, the annual average
efficiency decreases while the normalized standard deviation goes down. Alternatively, the

annual average efficiency keeps a high level if the normalized standard deviation is higher
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than 0.14. This again suggests that system 3 has a greater advantage, particularly for highly
variable end-users, in particular for the cases with high share of wind power generation. Of
course it should be noted that the efficiency of system 3 is always much higher than system 1

and system 2, in part thanks to the efficient recovery of the waste heat in the flue gas.

5. Conclusions and future work

This paper proposes a diesel-CAES integrated system to supply electricity for isolated end-
users such as a remote village. The integrated system has five operational modes with the
operational principles developed accordingly. Using a single diesel system and a dual-diesel
system as baselines, the system performance is numerically studied to power a UK small-scale
village solely. The results show the fuel consumption of the integrated system is only 50% of
the single diesel system and 77% of the dual-diesel system. Meanwhile, the volume of the
high-pressure vessel for such an integrated system is found to be feasible approximately 5m?
for use in a small village with an interval time of 1 hour. The characteristics of the end-users’
load pattern is also studied using a statistical parameter named ‘Normalized standard deviation’
and shows the integrated system performs very well, particularly for highly variable load
patterns or for high share wind power generation. The authors are currently working on the

construction of a lab-scale pilot system and the results will be reported in the near future.

Acknowledgement
The authors gratefully acknowledge the financial support of the Engineering and Physical
Sciences Research Council (EPSRC) of the United Kingdom under grants EP/K002252/1 and

EP/L014211/1.

References



516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
o547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Wichert B: PV-diesel hybrid energy systems for remote area power generation — A
review of current practice and future developments. Renewable and Sustainable Energy
Reviews 1997, 1(3):209-228.

Ibrahim H, Younes R, llinca A, Dimitrova M, Perron J: Study and design of a hybrid wind-
diesel-compressed air energy storage system for remote areas. Applied Energy 2010,
87(5):1749-1762.

Manchester SC, Swan LG, Groulx D: Regenerative air energy storage for remote wind-
diesel micro-grid communities. Applied Energy 2015, 137:490-500.

Basbous T, Younes R, llinca A, Perron J: A new hybrid pneumatic combustion engine to
improve fuel consumption of wind-Diesel power system for non-interconnected areas.
Applied Energy 2012, 96:459-476.

Ibrahim H, Younés R, Basbous T, llinca A, Dimitrova M: Optimization of diesel engine
performances for a hybrid wind—diesel system with compressed air energy storage.
Energy 2011, 36(5):3079-3091.

Muselli M, Notton G, Louche A: DESIGN OF HYBRID-PHOTOVOLTAIC POWER
GENERATOR, WITH OPTIMIZATION OF ENERGY MANAGEMENT. Solar Energy
1999, 65(3):143-157.

Kashem MA, Ledwich G: Distributed generation as Voltage support for single wire Earth
return systems. Power Delivery, IEEE Transactions on 2004, 19(3):1002-1011.

Sedaghat B, Jalilvand A, Noroozian R: Design of a multilevel control strategy for
integration of stand-alone wind/diesel system. International Journal of Electrical Power &
Energy Systems 2012, 35(1):123-137.

Nayar CV, Phillips SJ, James WL, Pryor TL, Remmer D: Novel wind/diesel/battery hybrid
energy system. Solar Energy 1993, 51(1):65-78.

F.S. Barnes, J.G. Levine Large Energy Storage System Handbook; Boca Raton, CRC
Press, 2011.

Iglesias 1J, Garcia-Tabares L, Agudo A, Cruz I, Arribas L: Design and simulation of a stand-
alone wind-diesel generator with a flywheel energy storage system to supply the required
active and reactive power. In: Power Electronics Specialists Conference, 2000 PESC 00
2000 IEEE 31st Annual: 2000 2000. 1381-1386 vol.1383.

Sebastian R, Alzola RP: Effective active power control of a high penetration wind diesel
system with a Ni—Cd battery energy storage. Renewable Energy 2010, 35(5):952-965.
Taymaz I: An experimental study of energy balance in low heat rejection diesel engine.
Energy 2006, 31(2-3):364-371.

Buyukkaya E, Cerit M: Experimental study of NOx emissions and injection timing of a low
heat rejection diesel engine. International Journal of Thermal Sciences 2008, 47(8):1096-
1106.

Koebel M, Elsener M, Marti T: NOx-Reduction in Diesel Exhaust Gas with Urea and
Selective Catalytic Reduction. Combustion Science and Technology 1996, 121(1-6):85-102.
Wang T, Zhang Y, Peng Z, Shu G: A review of researches on thermal exhaust heat
recovery with Rankine cycle. Renewable and Sustainable Energy Reviews 2011, 15(6):2862-
2871.

Dolz V, Novella R, Garcia A, Sanchez J: HD Diesel engine equipped with a bottoming
Rankine cycle as a waste heat recovery system. Part 1: Study and analysis of the waste
heat energy. Applied Thermal Engineering 2012, 36(0):269-278.

Haidar JG, Ghojel JI: Waste heat recovery from the exhaust of low-power diesel engine
using thermoelectric generators. In: Thermoelectrics, 2001 Proceedings ICT 2001 XX
International Conference on: 2001 2001. 413-418.

Liu S-j, Chen W, Cai Z-x, Zheng C-y: Study on the Application of High Temperature Heat
Pump to Recover Waste Heat of Marine Diesel Engine. In: Proceedings of the 2009
International Conference on Energy and Environment Technology - Volume 01. 1677480:
IEEE Computer Society 2009: 361-364.



568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589

20.

21.

22.

23.

24,

25.

26.

27.

Mavridou S, Mavropoulos GC, Bouris D, Hountalas DT, Bergeles G: Comparative design
study of a diesel exhaust gas heat exchanger for truck applications with conventional and
state of the art heat transfer enhancements. Applied Thermal Engineering 2010, 30(8-
9):935-947.

Ibrahim H, Ilinca A, Younes R, Perron J, Basbous T: Study of a Hybrid Wind-Diesel System
with Compressed Air Energy Storage. In: Electrical Power Conference, 2007 EPC 2007
IEEE Canada: 25-26 Oct. 2007 2007. 320-325.

GeZ, LiY,LiD,SunZzZlJinY, LiuC, Li C, Leng G, Ding Y: Thermal energy storage:
Challenges and the role of particle technology. Particuology 2014, 15:2-8.

SIM,M M, | MTM: DESIGN OF A PV/DIESEL STAND ALONE HYBRID SYSTEM
FOR A REMOTE COMMUNITY IN PALESTINE. Journal of Asian Seientific Reserach
2012, 2(11):7.

Nakhjiri M, Pelz PF, Matyschok B, Horn A, D&ubler L: Physical Modeling of Automotive
Turbocharger Compressor: Analytical Approach and Validation. In: SAE International,
Commercial Vehicle Engineering Congress; Chicago, IL, USA. 2011.

Li Y, Wang X, Li D, Ding Y: A trigeneration system based on compressed air and thermal
energy storage. Applied Energy 2012, 99:316-323.

Dennis Barley C, Byron Winn C: Optimal dispatch strategy in remote hybrid power
systems. Solar Energy 1996, 58(4-6):165-179.

Bowen AJ, Cowie M, Zakay N: The performance of a remote wind—diesel power system.
Renewable Energy 2001, 22(4):429-445.



