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ABSTRACT

Increasing demand of energy has raised the prices of conventional energy sources, and
environmental awareness has led to increase in use of renewable energy sources and
focus on increased energy efficiency. In context of increased energy efficiency,
thermal energy storage and waste heat recovery play an important role as these

systems improve overall efficiency of systems.

Among several options available for waste heat recovery, micro-cogeneration and
micro-trigeneration are emerging as the fast growing techniques to increase energy

efficiency and reduce overall emissions in domestic and small-scale applications.

The major technical constraint that prevents successful implementation of waste heat
recovery is its intermittent and time mismatched demand and availability. Thermal
energy storage (TES) technology plays an important role to overcome this problem as

it allows excess thermal energy to be stored for later use.

This study aimed initially to design and develop a thermal energy storage system for
small capacity stationary Cl engine and further to integrate the developed system with
micro-trigeneration system (also developed in the lab) for feasibility study and
performance investigation of TES coupled micro-trigeneration system for on power
and off power mode. Thermal energy storage system comprising of shell and tube type
construction was developed and erythritol was used as a storage medium. This thermal
energy storage system was also coupled to engine to achieve thermal storage
integrated trigeneration system. In this study a 4.4 kW stationary compression ignition
engine was coupled with a double pipe heat exchanger, vapour absorption
refrigeration system to achieve trigeneration i.e. power, heating and cooling. Various
combinations of thermal energy storage system integrated micro-trigeneration were

investigated.

Engine performance and emission characteristics for various modes like single
generation, single generation with thermal energy storage, cogeneration, cogeneration
with thermal energy storage and trigeneration with thermal energy storage were
determined. Performance parameters related to thermal energy storage system
(charging efficiency, discharging efficiency, and temperature profiles), double pipe
heat exchanger (effectiveness) and vapour absorption system (Coefficient of

performance) were also determined.


http://en.wikipedia.org/wiki/Thermal_energy

Test results showed that it was feasible to realize a thermal storage integrated micro-
trigeneration system using a small stationary diesel engine. There was slight effect on
performance and emission by integrating the components of trigeneration and storage
to the stationary diesel engine. Test results from the experiments also showed that the
useful output and total thermal efficiency in case of trigeneration and cogeneration are
much higher than single generation. Reduction in smoke and CO, emissions were
observed with thermal storage integrated micro trigeneration system as compared to
single generation. All other major emissions (HC, CO, NOx) increased slightly but
were well within permissible range for all the modes. No adverse impacts on any
parameter were found while operating in various modes (single generation, single
generation with thermal energy storage, cogeneration, cogeneration with thermal

energy storage and trigeneration with thermal energy storage).

The experimental results obtained from the present research show that development of
a micro size thermal storage integrated trigeneration system is feasible and effective to

utilize the resources more efficiently.

Vi
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CHAPTER 1
INTRODUCTION

1.1 Energy demand and crisis

Energy plays an important role in development of any modern society or country. The
demand of energy is growing day by day. World consumption of marketed energy is
expected to increase from 549 quadrillion British thermal units (Btu) in 2012 to 815
quadrillion Btu in 2040 [1]. Most of the world’s energy growth will occur in non-
OECD (Organization for Economic Cooperation and Development) nations. Non-
OECD energy consumption is expected to increase by 71 % from 2012 to 2040. Table
1.1 shows world’s energy consumption by country grouping. Non-OECD Asia,
including China and India account for more than half of world’s total increase in

expected energy consumption over the period of 2012 to 2040 [1].

Table 1.1 World energy consumption by country / region (in quadrillion Btu) [1]

Year 2
] 2012 2020 2025 2030 2035 | 2040
Region |
America 118 126 128 131 134 138
OECD | Europe 81 85 87 90 93 96
Asia 39 43 45 46 47 48
Europe 51 52 55 56 58 58
Asia 175 223 246 270 295 322
NON
Middle East 32 41 45 51 57 62
OECD
Africa 22 26 30 34 38 44
America 31 33 37 40 43 47
Total 549 629 673 718 765 815

Projected increased world consumption of marketed energy from all fuel sources
through 2040 is shown in Fig. 1.1.
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Fig. 1.1 World energy consumption by energy source (in quadrillion Btu) [1]

Fig. 1.1 shows that liquid fuels (mostly petroleum based) will remain the largest
source of world energy consumption for many decades to come. Worldwide
consumption of petroleum and other liquid fuels is expected to increase from 90
million barrels per day (mb/d) in 2012 to 121 mb/d in 2040. Coal will remain to be the
second-largest energy source worldwide behind petroleum and other liquids until
2030. From 2030 to 2040, coal will perhaps be the third-largest energy source, behind
both liquid fuels and natural gas. World coal consumption is expected to increase from
2012 to 2040 at an average rate of 0.6 % per year, from 153 quadrillion Btu in 2012 to
180 quadrillion Btu in 2040. Worldwide natural gas consumption is projected to
increase from 120 trillion cubic feet (Tcf) in 2012 to 203 Tcf in 2040 i.e. 2.47 %
increase per year (taken on straight line) from 2012 to 2040, which is almost 4 times
the percentage increase as compared to that of coal.

India is in an early stage of a major transformation, bringing new opportunities to its
citizens and moving the country to center stage in many areas of international affairs.
India has been responsible for almost 10 % of the total increase in global energy
demand since 2000. India’s energy demand from 2000 to 2013 has almost been
doubled, pushing the country’s share in global energy demand up to 5.7 % in 2013



from 4.4 % at the beginning of this century. Almost three-quarters of Indian energy

demand are met by fossil fuels. Table 1.2 represents primary energy demand by fuel in

India.
Table 1.2 Primary energy demand by fuel in India (in Mtoe) [2]
Year 2
2000 2013 2020 2030 2040
Fuel |
Oil 112 176 229 329 458
Natural
23 45 58 103 149
Gas
Coal 146 341 476 690 934
Nuclear 4 9 17 43 70
Renewable 156 204 237 275 297
Total 441 775 1018 1440 1908

Coal retains the central position in the mix and in 2013 it accounts for 44 % of the

primary energy demand in India. Share of coal is expected to increase to 49 % by

2040. Demand for oil in India is expected to increase from 6.0 mb/d in 2013 to 9.8

mb/d in 2040. Natural gas plays a relatively minor role in the Indian energy mix.

Transport sector is the major consumer of petroleum. In India, the current demand in

transport sector is 75 MTOE (i.e. 14 % of total energy consumed in India) and it is

expected to reach 240 MToE by 2040. Passenger cars’ population is expected to rise

from 28 million in 2013 to 280 million by 2040 and an additional 30 million more

trucks will be on road by 2040 as compared to 2013. 2/3 wheeler population is

expected to double by 2040 [2-3]. Fig. 1.2 shows the expected increase in vehicle



population in India and it looks clear that IC engines (gasoline and diesel) will be the

main technology in the foreseeable future [4].
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Fig. 1.2 Expected increase of vehicle population in India between 2013 and 2035 [4]

Despite environmental and health concerns, diesel fuelled engine remains a common
means of supplying power to heavy-duty vehicles, buses, construction vehicles (CV)
and stationary engines because they are quite reliable, extremely durable, having
higher fuel efficiency, easy to repair, relatively inexpensive to operate, high-torque (at
low speeds) engines. In context of greenhouse gas emissions, due to a diesel engine’s
inherent fuel economy, diesel engines can compete with other advanced technologies,
like hybrid electric vehicles, relative to conventional spark-ignition engines. Diesel-
powered vehicles have demonstrated a 30-40% fuel economy advantage over their
gasoline counterparts. This translates to about a 20% reduction in CO, emissions [5].
Because of the better fuel economy and lower carbon dioxide emissions, diesel
engines are popular and significant power train for several applications and shall
continue to be in popular use for decades to come. Fig. 1.3 shows the consumption
pattern of various petroleum products in India for 2014-15, with diesel having 42%
share (more than double of motor spirit, i.e. petrol/gasoline and LPG), and it is quite
evident from it that despite all the negatives of diesel, it might take at least couple of

decades to find a suitable replacement for diesel as source of energy.
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Fig. 1.3 India’s consumption pattern of petroleum products in 2014-15 [6].

Fossil fuel reserves are limited and cannot be recycled. Over-exploitation of fossil
resources has led to increase in hazardous pollutants also. The uncertainties related to
fossil fuels have adversely impacted the developing countries like India, which depend
heavily on import of fossil fuels. However, energy supplied from fossil fuels has
already been recognized as unsustainable since the energy crisis since 1970s [7-8].
Based on the current conventional prime energy consumption rate, British Petroleum
has predicted that major fossil sources, i.e. crude oil, natural gas and coal, are getting

depleted quite fast and would be exhausted very soon [7].

Hence, for sustainability of energy there is a great need to identify new sources of
energy, and at the same time invention of new and improved methods or technologies
to increase energy efficiency in order to reduce the dependency on primary energy

sources.

Since a lot of work has already been done in the direction of alternative fuels
(alternative source of energy) like hydrogen, bio-diesel, and other additives like
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alcohols, the current work focused mainly on improvement in energy efficiency of the
existing systems by way of minimizing energy loss. In context of minimizing the
energy loss, waste heat recovery as well as thermal energy storage (TES) has attracted
a great interest of researchers. Hence, the prime focus of this research was on recovery
of waste heat from IC engine exhaust and storage of waste heat using thermal energy

storage system (TESS).

1.2 Waste heat recovery

Waste heat may be defined as heat that is rejected from a process at a temperature well
above the ambient temperature. When this rejected heat is utilized in any process like
heating, cooling, etc. then this heat is known as recovered heat. The system which is
used to recover waste heat is known as ‘waste heat recovery system’. Waste heat is

simply the heat dissipated to the environment [9].

It is an established fact that in an internal combustion engine, near about 30% of heat
is carried out by the exhaust flue gases to the environment. In general the temperature
of exhaust of a gasoline engines is about 700 °C and temperature of exhaust gas of
diesel engine is around 600 °C [10]. A considerable amount of primary fuel can be

saved if; some of the waste heat could be recovered then.

There are various techniques available which utilize waste heat from internal
combustion engines, thermoelectric generator, simple Rankine cycle, organic Rankine
cycle [11-15], six stroke engine [13] and others technologies like combined heating
and power systems (CHP or cogeneration), combined cooling, heating and power
systems (CCHP or trigeneration), etc. Among several options available for waste heat
recovery, to increase overall energy efficiency and to reduce overall emissions, micro-
cogeneration and micro-trigeneration are fast growing and emerging techniques in
domestic and small-scale applications [16-17]. Description of cogeneration and

trigeneration systems for utilization of engine waste heat are given below.

1.2.1 Cogeneration system

Cogeneration is a way of thermodynamically efficient utilization of fuel. Cogeneration
is defined as simultaneous production of power and heat [16, 18-20]. Cogeneration is
also known as combine heating and power (CHP) system. These systems utilize the



heat contained in the exhaust gases (getting wasted to environment) of power
generation systems and thus increase thermal efficiency of the fuel consumed [21].
The energy conversion efficiency in cogeneration system increases to over 80 % as
compared to an average of 30-35 % for fuel fired single generation systems [19]. In
cogeneration systems, most of the power and heating demands are met simultaneously
by a prime mover along with a heat recovery system. Comparison between single

generation and cogeneration systems is shown in Fig. 1.4.
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Fig. 1.4 Comparison between single generation and cogeneration system

Small cogeneration systems for domestic and light applications in which electrical
power is less than 15 kW are usually called micro-combined heat and power (MCHP)
system [7,22,23-24]. The Europe Union has defined a micro cogeneration system with

a power output lower than 50 kW [25], considering the real domestic electricity
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consumption is usually lower than 15 kW [26-28], the range of micro-cogeneration

can be narrowed down to under 20 kW electricity output [29-32].

1.2.2 Trigeneration system

In trigeneration system power, heating and cooling demands are met simultaneously
by a prime mover, heat recovery system and thermally activated technology to provide
cooling. Trigeneration is also known as combined cooling, heating and power (CCHP)
system [16, 33-34]. In simple words, if some thermally activated cooling technology
is added to a CHP system to provide cooling effect, the system is called a tri-

generation system as shown in Fig. 1.5.
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Fig. 1.5 Extension from cogeneration to trigeneration system

Small scale trigeneration power plants, typically, below 15 kW, are called micro-
trigeneration plants [7, 22].



The intermittent and time-mismatched demand and availability of waste heat is the
major technical constraint that prevents successful implementation of waste heat

recovery [35-36].
1.3 Thermal energy storage

Thermal energy storage (TES) technology plays an important role to overcome the
problem, of intermittent and time-mismatched demand and availability of waste heat,
by way of rationale use of energy as it allows excess thermal energy to be stored for

later use [37]. TES can be categorized into sensible, latent and chemical or bond.

1.3.1 Sensible heat storage (SHS)

Sensible heat storage can be defined as heating a liquid or a solid, without changing its
phase and thus, storing the excess heat available as sensible heat [38-41]. The amount
of energy stored (Q) in SHS depends on the temperature change of the material and

can be expressed as:
Q=mc, (T, —T1) (1.1)

Where m is the mass of solid or liquid, C, is its specific heat at constant pressure. T;
and T, are the lower and upper temperatures of the storage medium respectively.

A variety of substances have been used in such type of systems. These include liquids
e.g. water, heat transfer oils and certain inorganic molten salts, and solids e.g. pebbles,
rocks, refractory, etc. In the case of solids, the material is always in porous form and
heat is stored or extracted by the flow of gas or liquid through the pores or voids. The
choice of storage medium used depends on the temperature of the application, i.e.
water is used for temperatures below 100 °C whereas, refractory bricks and rocks are

used for temperatures around 1000 °C [40].
1.3.2 Latent heat storage (LHS)

The heat transfer which occurs when a substance changes its form from one phase to
another phase is called the latent heat. When this latent heat is stored in a material
(solid and liquid) for a long time it is called latent heat storage. The amount of energy
stored (Q) in LHS depends upon the mass (m) and latent heat of fusion / vaporization
(1) of the material.

Q =ml (1.2)


http://en.wikipedia.org/wiki/Thermal_energy

Sometimes it is difficult to operate the system isothermally at the phase change
temperature; and the system operates over a range of temperatures T1 to T2 that
includes the melting point. Hence, in such a case, the sensible heat contributions also
have to be considered and the amount of energy stored in such a heat storage system is

given by the sum of the two heat gains (latent heat + sensible heat) as:

Q=m [{fTT: cpesdT} +1+ {fTZZ cpeldT}] (1.3)

Where, Cpes and Cpe are the specific heats of the solid and liquid phases and T* is the
melting point [26, 27].

1.3.3 Bond heat Storage

Energy can be stored in a system composed of one or more chemical compounds that
absorb or release energy through bond reactions. There are many forms in which heat
energy can be stored during bond reactions. An endothermic reversible reaction
involves bond storage, which can be reversed when heat release is required. The
chemical produced can be stored cold (without losses) and can be transported easily.
For storage of thermal energy in bond energy, reversible chemical reactions are
preferred [40-41].

The basic principle is: AB + heat & A + B; using heat a compound AB is broken into
components A and B which both can be stored separately; when heat is required
bringing A and B together AB is formed and heat is released (exothermic reaction).
The heat storage capacity of such a system is the heat of reaction or free energy of the
reaction [38-40].

Hence, in light of the above methods, to conserve energy in internal combustion
engines, this research work focused on analysis of thermal storage integrated tri-
generation system for utilization of engine waste heat for heating and cooling

purposes.

1.4 Scope and outline of thesis

The thesis is arranged in six chapters. First chapter is related to the introduction and

background of the present research work. The second chapter is about the review of
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the current literature in the field of cogeneration/trigeneration technologies, thermal
energy storage and combination of cogeneration/trigeneration with thermal energy
storage. This chapter also includes research gaps, objectives of current research and
research methodology. Third chapter is about the design and development of
experimental setup. It includes selection/design and fabrication of various heat
exchangers, modified refrigeration unit, measuring instruments and all other
components used in development of the entire thermal storage integrated micro-
trigeneration system. This chapter also includes detailed experimental plan. Fourth
chapter documents the experimental results and discussion. Fifth chapter describes a
model to predict the performance of thermal storage integrated micro trigeneration
system. The sixth i.e., the last chapter reports the conclusions drawn from the study
and future scope of work. In the end, appendices, references, list of publications and
profile of the author are presented.
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CHAPTER 2
LITERATURE REVIEW

Cogeneration and trigeneration systems are proven technologies for -efficient
utilization of waste heat. The intermittent and time-mismatched demand and
availability of waste heat is the major technical constraint that prevents successful
implementation of waste heat recovery [35-36]. A lot of work has already been done
in the field of cogeneration / trigeneration and thermal energy storage system. In this
chapter findings of previous studies carried out by various researchers in the field of
cogeneration/trigeneration technologies and thermal energy storage are presented.

2.1 Theoretical concepts, methods and available technologies in cogeneration/

trigeneration

In cogeneration system, most of the power and heating demand are met
simultaneously by a prime mover along with a heat recovery unit. If a thermally
activated component for cooling or refrigeration is incorporated in cogeneration
system then it will become trigeneration systems or it may be treated as an extended
form of cogeneration. Five basic elements are involved in a typical CCHP system.
Elements are prime mover (electric power generator), heat recovery system, thermal
driven cooling system, management and control system [27, 34]. Detail descriptions

of basic elements are as follows
2.1.1 Prime Mover

Prime movers are the keystones of trigeneration/ cogeneration system and play the
most crucial role in electricity or mechanical power generation/energy conversion.
Since prime movers are crucial therefore, selection of prime movers is of major
concerns. The desired qualities of good prime movers are low noise and vibrations,
low maintenance, small size and low weight, reliable and simple operation, easy
installation and low capital cost [27-28, 43-44]. Various options for prime movers are
internal combustion engines, external combustion engines (Stirling engines), Rankine

cycle engine and micro gas turbines, and fuel cells [27-28, 43-47].
2.1.1.1 Internal Combustion Engine

Currently two types of internal combustion engines (ICE) are widely used in various
applications. One is compression ignition (Cl) and other is spark ignition (SI) engine.

Cl engines are running on diesel as well as other petroleum products (heavy fuel oil or
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biodiesel, vegetable oils, etc.) and Sl engines are running on natural gas, petrol, etc.
Both these engine types (and Sl) are suited to co-generation (CHP) and tri-generation
(CCHP) systems, since the electrical output of a typical engine generating set is
around 30 % of the fuel input, the rest being lost as waste heat, around 50 % of which
is recoverable [44]. With lowest capital cost and rang of size reciprocating engines are
a proven technology for all CHP / CCHP modes. In addition to the start up capability
and good operational reliability, high efficiency at part load operation gives the users a
flexible power source, allowing for a range of different energy applications especially
as emergency or standby power supply [19, 21, 27, 43, 48]. However, intensive noise
and vibration caused by the rotary and reciprocating parts of the ICE will cause an
unpleasant experience to users. This results in a higher wear and tear and also
indicates a relatively short maintenance interval [7, 22, 44]. Another drawback of the
ICE is that it has the highest engine exhaust emission of all the prime movers; in
particular the NOx emission is much higher compared to other prime movers [7].
Despite the limitations of IC engines as described earlier, they have a lot of
advantages as well for using them as prime movers for trigeneration systems.
Presently, the IC engines are the most widely used prime movers for trigeneration

applications [44].
2.1.1.2 Stirling Engine

The Stirling engine is an ECE which operates by cycling hydrogen or helium gas
(working gas) between the hot and cold portions. In the hot portion, heat is given to
the gas in heater with an external combustion means and it results in swell in the
expansion chamber. Further, the working gas is passed to the cold portion, where
compression of gas took place in a compression chamber and for next circulation it is

cooled down in a chamber [51-54].

Compared to the ICE, the Stirling engine operates with less noise and emission,
especially NOx emission. Further, Stirling engine can be operated using biomass,
waste heat and solar energy. The maintenance cost of the Stirling engine is lower than
that of the ICE. The major disadvantages of Stirling engines are higher prime cost,
higher heat loss and lesser durability of certain parts, and time for warm up. CCHP
systems based on Stirling engine have been reported. Stirling engine attained
attraction for domestic trigeneration because of its ideal power to heat ratio [51, 55-
56].
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2.1.1.3 Rankine cycle (RC) engine and micro gas turbines

The definition of scale relating to micro-turbines varies greatly within different
literature reviews. Pilavachi [57] categorized micro turbines with a power output less
than 150 kW whereas Alanne et al. [58] defined micro turbine with a power output of
25-250 kW. These turbines usually consisted of an air compressor, combustion
chamber, gas turbine and a generator. They are characterized by their small size, small
number of movable parts and a higher power to weight ratio. In comparison to an ICE,
the movable parts present in a micro-turbine are high speed rotary ones; hence it
operates smoothly and with high reliability. Further merits of a micro turbine include
multi-fuel capabilities and low emissions, mainly due to the low continuous
combustion temperature and pressure in the combustion chamber. Nevertheless, extra
components such as a rectifier and transformer are needed for a micro turbine to
convert the high frequency electricity into commercial power [55, 57, 59]. Despite the
high cost and relatively poor part load performance, micro turbines have shown

potential to be used in applications.
2.1.1. 4 Fuel cell

Fuel cells are electrochemical energy converters which converts chemical energy in to
mechanical energy similar to that of primary batteries [23-24]. Fuel cell operated
micro-cogeneration systems are either based on the low temperature proton exchange
membrane fuel cell (PEMFC), working at about 80°C, or are based on the high
temperature solid oxide fuel cells (SOFC), working in the temperature limits around
800-1000°C. Size range for PEMFC is 3-250 kW and for SOFC it is 1-10 MW [23].
Normally hydrogen is used to run the fuel cells, but other options such as natural gas
or other fuels by external or internal reforming can also be used [23]. Merits of fuel
cells are higher efficiency (up to 60% electric), negligible emissions and absence of
noise [23, 30]. The major problem associated with fuel cells is the short lifespan of the
membrane and further higher cost of membrane. At this moment, excluding Japan,

fuel cell based micro-CHP systems are not available commercially [23].

Major parameters and performance of theses prime movers are shown in Table 2.1:
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Table 2.1 Characteristics & performance of prime movers in CCHP system [43, 60-62]

Cl engine Sl engine Micro-turbines | Stirling engines | Fuel Cells

Capacity Range 5 kW-20 MW | 3 kW-6 kW 15kW-300 kW 1 kw-1.5 MW 5 kW-2 MW

Fuel used Gas, propane, | Gas, biogas, | Gas, propane, | Any (Gas, | Hydrogen  and
distillate oils, | liquid fuels, | distilled oils, | alcohol, butane, | fuels containing
biogas propane biogas biogas) hydrocarbons

Electrical efficiency (%) 35-45 25-43 15-30 ~40 37-60

Power to heat ratio 0.8-2.4 0.5-0.7 1.2-1.7 1.2-1.7 0.8-1.1

Noise Loud Loud Fair Fair Quiet

CO, emission (kg/MWh) 650 500-620 720 672° 430-490

NOx (kg/MWh) 10 0.2-1.0 0.1 0.23° 0.005-0.01

Part load performance Good Good Fair Good Good

Life cycle (Year) 20 20 10 10 10-20

Initial cost (dollar/kW) 340-1000 800-1600 900-1500 1300-2000 2500-3500

a- Stirling engine emission characteristics / STM 4-260. Gas-fired distributed energy resource technology.
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2.1.2 Thermally activated refrigeration or cooling technology

If some heat recovery device like heat exchangers, are incorporated in conventional
systems (single generation — power only), then system is known as CHP system i.e.
major difference between single generation and CHP is that of heat recovery device.
Whereas, the important difference between tri-generation (CCHP) systems and
conventional systems is that CCHP systems include some cooling components (in
addition to heat recovery device) as well. The methods for producing cooling effect
utilizing a heat source are called thermally activated cooling technologies. Major
refrigeration technologies available are: vapour compression, ejector cycles,
absorption and adsorption [49]. Except for vapour compression, all the others can be
driven by heat energy.

2.1.2.1 Absorption Refrigeration

Faraday invented absorption refrigeration in 1824. Ammonia vapour was used as a
refrigerant and silver chloride as an absorbent for generation of cooling energy.
Invention of first ammonia-water absorption chiller took place in 1859, approximately

100 years after the invention of the vapour compression chiller [63].

In simple terms an absorption refrigerator is mainly composed of a generator,
condenser, evaporator and absorber. A pair of working fluids is formed by an
absorbent and a refrigerant. Currently ammonia-water and LiBr-water has become the
most mature working pair. Advantages of vapour absorption system over conventional
electric system are: 1) less noise and vibration because of few moving parts; 2)
negligible electricity consumption compared to conventional system; 3) waste heat
recovery applications; 4) no harmful emissions. They may be actuated by oil, hot
water or steam or directly with waste heat. High cost and slow transient response are
the major drawbacks [64-66].

The basic cycle of absorption refrigeration is described below and schematic diagram

is shown in Fig. 2.1:

a) Heat (QH) is supplied to concentrated solution of refrigerant and absorbent in
generator. Due to heat gain high pressure refrigerant start vaporizing and enters into

the condenser.
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b) After condensation, heat (QI1) is released by the refrigerant before entering to the

evaporator;

c) In evaporator low temperature heat QL was absorbed by the refrigerant. By taking

heat refrigerant starts evaporating and converted in to low pressure vapours.

d) After the evaporator, refrigerant enters the absorber where it is imbibed by the lean
solution coming from the generator and releasing low-grade energy (QI2) to the

surroundings. Strong solution is again sent to the generator with the help of pump [7].
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Fig. 2.1 Schematic diagram of absorption refrigeration

In this system compressor, used in vapour compression refrigeration system, was
replaced by a generator, absorber, and pump. Waste heat is utilized in generator to
heat up the concentrated solution. To remove the water from contained ammonia
vapour, a rectifier is necessary required for ammonia-water refrigeration. If this water
is not removed from ammonia vapour, will be accumulated in the evaporator, and
results in reduced refrigeration efficiency. This rectifier is not necessary in a LiBr-
water system, because of the non-volatile property of LiBr. LiBr-water refrigeration
cannot be used to meet the freezing demand because of freezing point of the water

refrigerant. COP of an absorption refrigeration system is quite low [7].
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2.1.2.2 Ejector refrigeration systems:

Ejector or jet pump refrigeration has been used for cooling purposes for many years.
This is a thermally driven technology and in a state of development, COP of this
system is low as compared to vapour compression systems. Major advantages of this
technology is its simplicity, absence of moving part and capability to produce
refrigeration using waste heat, solar energy as a source of heat at temperatures above
80° C.

Schematic diagram of ejector refrigeration cycle is shown in Fig. 2.2. Two loops are
there in this system, one is power and another one is refrigeration. Low grade energy,
Qb, in power loop, is used in generator to vaporize high pressure liquid. Generated
high pressure vapours are also known as the primary fluid and flows through the
ejector. High pressure vapours are accelerated through the nozzle. In nozzle pressure
energy is converted in to kinetic energy, hence, reduction in pressure occurs. This
reduction is pressure induces vapour from the evaporator and is known as secondary
fluid (point 3). The primary and secondary fluids are mixed in the mixing chamber
before moving to the diffuser. In diffuser section, kinetic energy is converted in to
pressure energy i.e. recovery of pressure. The heat (Qc) from mixed fluid is rejected to
environment in condenser. A portion of fluid leaving the condenser (point 5) is
pumped to the boiler for producing power and other portion of fluid is expanded with
the help of an expansion device. After expansion it enters in to the evaporator of
refrigeration loop (point 6) as a mixture of liquid and vapour. Refrigeration effect (Qe)
was produced in evaporator and vapour is then drawn into ejector (point 3). Again the

mixed fluid is condensed for repeating refrigeration cycle [67].
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Fig. 2.2 Schematic diagram of ejector refrigeration
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2.1.2.3 Adsorption Cooling

Adsorption refrigeration circuit consists of one or more solid adsorbent bed,
condenser, expansion valve and evaporator. Solid adsorbent bed adsorbs and desorbs
the refrigerant intermittently and provides cooling [64, 68]. Advantages of adsorption
technology are: robust technology, few moving parts, low electricity consumption,
simple, requires no lubrication, little maintenance, quiet operation, short start-up time,
no risk of crystallization, environment friendly, longer chiller life, modularity, readily
scalable by additional beds for increased capacity, use of renewable energy resources,
can be driven by lower temperature heat source etc. The main limitations are: high
vacuum-tight requirement, lower COP, intermittent operation, high cost, less mature
technology [66, 68].

2.1.2.4 Desiccant Dehumidifiers

Desiccant dehumidifiers can work alone or in combination with the absorption chillers
to meet dehumidification loads. To regenerate the desiccants, low grade heat is
required, which can be supplied by the micro CCHP system [64]. Solid or liquid
desiccants are capable of absorbing or adsorbing water vapour, working on vapour
pressure difference. Materials (desiccant materials) are chlorides of lithium and
calcium, zeolite, oxide of aluminum, silica gel, etc. Cooling with solid desiccant is
free from chloro-fluoro-carbon (CFC), compact in size and saves energy. Major
drawbacks are higher cost and low efficiency [64, 66]. Advantages of desiccant
systems are reduced power consumption, reduced grow molds, compact equipment,
etc. Limitations include high cost of the desiccant equipment, limited application
potential, clogging from foreign particles in the air stream, toxicity, and desiccant

degradation if not controlled [66].

2.1.3 Method for heating

Heating requirements like space heating, hot water production, preheating intake air
and fuel, dryer, etc. in CHP or CCHP can be fulfilled by utilizing waste heat from
engine cooling system or from exhaust gases by using waste heat recovery system.
Examples of using waste heat recovery are preheating of primary air for combustion,
process or boiler feed water heating, space heating etc. There are various types of heat
recovery devices available in the market. The most common heat recovery

equipment’s available commercially are recuperators, regenerators, heat wheels, heat
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pipes, waste heat boilers, heat pumps, thermo compressors and heat exchanges viz.
shell and tube type, double pipe, plate type, run around coil etc. In most micro-
trigeneration applications the exhaust gas from a prime mover is passed through a heat
exchanger to recover heat or to gain thermal energy from the exhaust.

2.1.4 Existing work in the field of trigeneration/ cogeneration system

Various studies reporting either on the basis of real life installed systems such as
hospitals [69], factories [70, 71], supermarkets [72] and hotels [73], or computer
operated simulations have already shown the feasibility of tri-generation systems in
excess of 50 kW. The new frontier of tri-generation is in the residential and small
commercial building sector. Applying tri-generation technology to small residential
and small commercial buildings is an attractive option because of the large market
potential. This section presents outcome of existing research on real life experimental
models and the theoretically modeling techniques for IC engine operated micro

trigeneration systems.

Ebrahimi and Keshavarz [74] presented a work to select the best prime mover for a
micro CCHP system for a building, in five different climates. For the process of
decision —making, four criteria (environmental, technological, economical, and social)
and sixteen sub-criteria were used. For making a decision two approaches (algorithms
of fuzzy logic and grey incidence approach) were used. Among various options
available for prime movers, four main options (conventional separate production,
internal combustion engine, micro-gas turbine and Stirling engine) were selected. In
pre-design steps other options such as fuel cell and steam turbine were omitted. Using
fuzzy logic and the grey incidence approach same results for all the climates were
obtained and it was proposed that the worst to best prime movers are micro-gas
turbine, conventional separate production, sterling engine and the internal combustion

engine.

Basrawia et al. [75] presented the performance of micro gas turbine based CHP and
CCHP systems in a buildings located in tropical climate. Performance based on
energy, economical and environmental parameters were studied. Cogeneration system
consisted of micro gas turbine and an exhaust heat exchanger whereas trigeneration
was consisted of micro gas turbine, an exhaust heat exchanger and an absorption heat

pump and heat storage. Heat demand was higher during night-time and, hence, heat
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storage was essential for storing heat generated during daytime and to be utilized in
night. Trigeneration was better compared to that of cogeneration because of more
exhaust heat utilization. Energy recovery efficiency in CCHP was of 37% and 80%
during day and night time respectively. Further, payback period for the CCHP was
also shorter as compared to CHP. Compared to conventional system cogeneration and

trigeneration system can also reduce pollutants especially NOx emissions.

Deng et al. [76] using exergy cost method analyzed a micro-trigeneration system. The
results reflected that structural theory of thermo-economics is an efficient and
systematic tool that provides in depth information related to costs and efficiency of

energy conversion processes.

Wu et al. [77] experimentally investigated the micro-CCHP system which mainly
consisted of an IC engine with a rated electrical output of 16 kW, an adsorption
chiller, and a thermal management controller. Results show that this system can
produce 17.7 kW of heating, 6.5 kW of cooling and 16 kW of electrical output. The
primary energy ratio reached 0.765 in CHP mode and 0.56 in CCHP mode.

Huangfu et al. [78] discussed the economic & exergy analysis of micro CCHP system
using a small IC engine with rated electrical power of 12 kW and an adsorption chiller
with refrigeration capacity of 9 kW. Economic evaluation showed that the payback
period for this micro-CCHP system was only 2.97 years with a very small initial cost.
From exergetic view, the electrical efficiency of gas engine should be enhanced for an
improved micro-CCHP system.

Godefroy et al. [49] described the design, testing and mathematical modeling of a
small trigeneration system based on a gas engine with 5.5 kW electricity output and an
ejector cooling system. Analysis showed that an overall efficiency of around 50%
could be achieved.

Kong et al. [79] described an experimental investigation of performance of a micro
CCHP system. In this study, LPG and natural fired gas engine was used as a small
generator set driven by a small adsorption chiller, which has a rated electric power of
12 kW, a rated cooling capacity of 9 kW and a rated heating capacity of 28 kW. The
result showed that in comparison to large trigeneration system, the small trigeneration

test facility provided better test rig platform for cooling load, heating load and power
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generation and micro trigeneration system can save more primary energy as compared

to conventional system.

Angrisani et al. [80] studied a simplified 3-E (Energy, Economic and Environmental)
approach to study the performance of a complex small trigeneration energy
conversion system. The results showed that in comparison with conventional system,
trigeneration system can save primary energy up to 28% and reduce CO, emissions up
to 36 %.

Wang et al. [81] examined the diesel engine generator based household size
trigeneration system. Diesel engine was fuelled with hydrogen. Performance and
emission characteristics of a trigeneration system were investigated and compared
with single generation and cogeneration systems using ECLIPSE simulation software.
The study showed that diesel engine gen set based domestic micro trigeneration
system, fuelled with hydrogen was feasible. Results also indicated that trigeneration

system produces zero emissions when fuelled with hydrogen.

Wang et al. [82] studied diesel engine generator fuelled with raw jatropha based
trigeneration system. The performance and emission characteristics of trigeneration
system were compared single generation and cogeneration systems using ECLIPSE
simulation software. The results from the study showed that the overall efficiency of
trigeneration system was higher and CO, emissions of trigeneration system were

lower than that of single and cogeneration system.

Badami et al. [83] dealt with an innovative natural gas based CCHP system with
electrical, heating, and cooling capacity of 126, 220, 210 kW respectively. The tri-
generation plant was composed of a co-generator which used an automotive derived
gas fired internal combustion engine coupled to LiCl-water desiccant cooling system
to recover heat from the flue gas and from the engine cooling water.

Manzela et al. [50] experimentally studied internal combustion engine exhaust
operated vapour absorption refrigeration (ammonia-water). Experiments were carried
out for 25%, 50%, 75% and peak load of engine. The impact on engine performance,
exhaust emissions, and power economy were evaluated. Steady state of the
refrigerator was obtained about 3 hours after the start up of system and steady state
temperature was in between 4 °C and 13 °C. It was observed, when refrigeration

system was installed in the engine exhaust, hydrocarbon emissions were higher and
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carbon monoxide emissions were reduced and concentrations of CO, remains

unaltered.

Lin et al. [17] had designed and realized in laboratory, small diesel engine based
household size trigeneration system. Experiments were done to investigate the
performance of CCHP and single generation system and engine exhaust emissions.
The test results showed that the total thermal efficiency of trigeneration system at the
peak engine load reaches up to 67.3%, compared to that of the single generation
system. Total thermal efficiency of trigeneration system varied from 205 % to 438 %
which was significantly high compared to that of single generation. The CO, emission
per unit of useful energy output (kWh) from trigeneration was 0.401 kg CO,/kW h at
the engine full load, compared to that of 1.22 kg CO»/kW h from single generation.
Reduction in CO; emission per unit of trigeneration output (kwWh) was in the range of
67.2 % to 81.4 % compared single generation. It was concluded from the experimental
results that the innovative small trigeneration is feasible to generate electricity,

produce heating effect and cooling effect simultaneously from a single fuel input.

Cacua et al. [84] presented an experimental study on CCHP system based on a dual
fuel engine (diesel-biogas). In this CCHP system, engine exhaust (waste heat) was
used for air heating, using a heat pipe exchanger, and for actuating an absorption unit
freezer. The heated air was used to dry peppermint using convective trays dryer. At
full engine load, the energy efficiency of in diesel and dual mode was 40% and 31%,
respectively, and was comparatively higher than that of single generation (23% in
diesel and 18% in dual fuel mode). On the other hand, a maximum substitution level

of diesel in dual fuel mode was achieved and was 50%.

Ciampi et al. [85] experimentally studied a micro-trigeneration system. Performance
of CCHP system as evaluated during three typical days of summer operation and
compared with those of a conventional system based on economic, separate energy
production and environmental point of views. It was concluded that there is a great
ability in micro-trigeneration system to save primary energy, reduce operating cost
and decrease CO, emissions. Energy saved reduction in operating cost and reduction

in CO, emission was 20 %, around 39 % and 23 % respectively.

Fong and Lee [86] investigated energy and environmental merits of internal-
combustion-engine primed trigeneration (ICEPT). Three types of systems were

studied and compared with a conventional chilled water system which was powered
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by electricity. The total year-round electricity demand using ICEPT was reduced by
10.4 %, when engine was fueled with natural gas. However, total primary energy
saved only in the range from 1.7% to 6.8% with the diesel fueled system. More than
70 % of input energy had been utilized in diesel fueled system and found the best
among three types of ICEPT systems. Significant difference was there in COP of
absorption chiller and the vapour-compression chiller. The variation in carbon dioxide
emission with three types of adopted fuel was significant. Maximum percentage of

carbon dioxide was 26.7% for the natural-gas-fueled system.

The major technical constraint that prevents successful implementation of micro-
trigeneration or co-generation is intermittent and time mismatched demand and

availability of waste heat.
2.2 Studies related to thermal energy storage

Thermal energy storage in a trigeneration system has many functions: reducing
mismatch between heat demand and heat supply; storing the heat received from
unsteady heat sources; storing excess heat when not required; overcoming the startup
phase; avoiding frequent starts/stops. TES transfers heat to storage media during the

charging period, and releases it at a later stage during the discharging step [87].

Stritih [88] experimentally studied the characteristics of heat-transfer for finned
surface latent-heat storage unit. Solidification and melting processes was studied and
characteristics were compared with plain surface heat-storage unit. For the
investigation Paraffin (melting point of 30 °C) was used as an energy storage media. It
was selected because it is quite feasible for storage of energy for building applications.
The effectiveness was calculated from the quotient of the heat flux with and without

fins.

Nallusamya et al. [89] experimentally studied the thermal behavior of a packed bed
TES unit used for sensible and latent heat storage. TES unit (Insulated cylindrical tank
which was packed with Paraffin filled spherical capsules) was designed, developed
and integrated with constant temperature bath/solar collector for performance of the
storage unit. To transfer heat from bath/ solar collector, water was used as heat
transfer fluid and also as sensible heat storage medium. The significance of time wise
variation of HTF and PCM temperatures during charging and discharging processes,

performance parameters such as instantaneous and cumulative heat stored were
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studied. Based on discharging it was concluded that for intermittent requirement

applications, batch wise discharging of hot water from TES was best suited.

Regin et al. [90] presented a review on heat transfer characteristics of TES system
using capsules of PCM. It was proposed that to achieve the objective of high storage
density with higher efficiency, one of the important methods is use of PCM capsules
assembled as a packed bed. Study also includes advancements of available latent heat
TES technologies, various aspects of storage such as heat transfer, storage material,

encapsulation and new PCM.

Butala and Stritih [91] presented an experimental study on buildings cooling using
night time cold accumulation in a phase change material. PCMs suitable for summer
cooling were also listed. Experiments were conducted using paraffin with a melting
point of 22 °C as the PCM to store cold during the night time and to cool hot air

during the daytime in summer.

Agyenim et al. [92] presented a review on the development, heat transfer
enhancement techniques of latent heat TES systems. Various phase change materials
(PCMs) investigated over the last three decades were also presented. The review also
included the geometry and configurations of PCM containers and a series of numerical
and experimental tests undertaken to assess the effects of parameters such as the inlet
temperature and the mass flow rate of the heat transfer fluid (HTF). It was concluded
that most of the research on phase change problems has been carried out within the
temperature range of 0 °C to 60 °C suitable for domestic heating/cooling.

Iten and Liu [93] presented a review on procedure to design an effective short term

TES using phase change materials.

Pandiyarajan et al. [35] integrated IC engine with a shell and finned tube heat
exchanger. The purpose of this integration was to extract heat from the engine
exhaust. A thermal energy storage tank was also used to store the excess energy
available. Thermal energy storage unit for combined cumulative heat storage (sensible
and latent) using cylindrical phase change material (PCM) capsules was designed. The
performance of the engine with and without integration was evaluated. It was found
that nearly 10-15 % of fuel power was stored as heat in the combined storage system,
which was available at reasonably high temperature for suitable application. Various

performance parameters pertaining to the heat exchanger and the storage tank such as
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amount of heat recovered, heat lost, charging rate, charging efficiency and percentage

energy saved were also evaluated.

Dubovsky et al. [94] analyzed a tubular heat exchanger which utilizes the latent heat
of a phase change material with an assumption that sensible heat capacity of the liquid
PCM and the tubes’ material is considered small in comparison with the latent heat of
melting of the PCM. In the heat exchanger, the PCM melts inside tubes while air
flows across the tube banks. An analytical solution for the overall heat exchange
parameters, like heat transfer rate, stored energy and total melting time were obtained
and compared with the results of a numerical solution. In addition, the model predicts

the results for separate tubes depending on the tube location in the system.

Tay et al. [95] investigated useful latent energy that can be stored within a tube-in-
tank phase change TESS with particular reference to off peak thermal storage
applications for cooling buildings. Actual useful energy stored within a phase change
material (PCM) storage system was coupled to a low energy night time cooling
system using a cooling tower. Storage effectiveness was determined and optimized
delivering a storage effectiveness of 68% and 75%. This parameter was directly
compared to sensible storage systems and it was concluded that tube-in-tank systems
can store more than 18 times more useful energy than sensible storage systems per

unit volume.

Tay et al. [96] experimentally studied the effectiveness of a tube-in-tank design filled
with PCM (salt hydrate) for cold storage applications. From the experimental
measurements, the average heat exchange effectiveness of the storage tank was
determined and a characteristic design curve was developed which is a function of the

measured average NTU.

Mosaffa et al. [97] carried out numerical investigation for the performance
enhancement of a free cooling system using a TES unit employing multiple phase
changing materials. The TES unit was composed of a number of rectangular channels
for the flowing heat transfer fluid, separated by slabs of PCM. Forced convective heat
transfer inside the channels was analyzed by solving the energy equation, which was
coupled with the heat conduction equation in the container wall. The effect of design
parameters such as PCM slab length, thickness and fluid passage gap on the storage
performance was also investigated using an energy based optimization. Results
suggested that higher COPs are obtained for shorter and thinner PCM slabs.
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Kozak et al. [98] carried out experimental and numerical study on a hybrid heat sink.
In this sink heat was absorbed by PCM and dissipated to the environment through fins
(Aluminum 6061) exposed to the air. A simplified thermal model, based on a two-
dimensional enthalpy formulation for the PCM, was also developed for a conservative
estimation of temperature evolution. Study addressed the relative contributions of
latent/sensible accumulation and heat transfer to the air. It was found that the share of

sensible-heat-based accumulation rate tends to increase when the heat input increases.

Majid et al. [99] presented the study on operation and performance of TESS installed
at a cogeneration plant for campus cooling. Operating data from 2006 until 2009 were
analyzed to evaluate the operating modes, half-cycle figure of merit (FOM) and

thermo cline performance of the TESS.

Li et al. [100] presented a novel energy storage system which stores excessive energy
in the form of compressed air and thermal heat. This new system allows trigeneration
of electrical, heating and cooling power in energy releasing The cooling power from
this system was generated by expansion of compressed air instead of using absorption
chiller. A new parameter comprehensive efficiency was proposed to evaluate the
performance of trigeneration system. Results showed that comprehensive efficiency of

the system was very high (50%) in winter and 30% in summer.

Tao et al. [101] investigated the performance of latent heat storage using high
temperature molten salt under variable conditions. Numerical investigation was
carried out for effect on heat storage rate, effect of tube geometry on melting time and
fraction, inlet temperature, velocity. Within the parameters of study, results shows that
inlet temperature of the HTF significantly affect the heat storage rate. 53 % reduction
in melting time was observed when inlet temperature of HTF increased from 1070 K
to 1110 K. More non uniform melting rate and non-uniform distribution of solid liquid
interface was observed with high inlet temperature. The important factor that
influences much is the velocity of HTF at inlet. Melting time reduces by 45.4 % when
inlet velocity increased from 10 m/s to 20 m/s. increasing velocity also resulted in
uniform solid liquid interface distribution. Lowest effect of tube diameter was
observed on performance. Increasing outer radius from 2.4 cm to 2.8 cm, the change
in melting time was only 16.3%, and resulted in more uniform solid liquid interface. It

was concluded generally, when the heat load of the heat source is larger, a larger HTF
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mass flow rate is suitable to maintain a moderate HTF temperature. And then for the

LHS unit, a larger tube diameter is recommendable.

Nomura et al. [102] describes the performance of a direct-contact heat exchanger.
Erythritol was used as a storage medium along with heat-transfer oil (HTO). For heat
storage unit, cylindrical shell with an inner diameter of 20 cm and a height of 100 cm
was used. A nozzle was placed at the bottom of shell, with nine holes of diameter 3.0
mm facing vertically downward. The effects of flow rate of heat transfer oil and the
height of PCM layer in the heat storage was studied based on effectiveness, heat
release rate, and volumetric heat transfer coefficient. It was observed, when the height
of PCM was constant and heat transfer oil flowing uniformly, effectiveness was high
and the heat release rate was proportional to the flow rate of HTO. At a height of 0.2
m of PCM the effectiveness observed was 0.83. Further, with increasing HTO flow
rate, increase in the average volumetric heat transfer coefficient was observed. These
results revealed that the direct-contact heat exchanger can rapidly, efficiently, and

compactly release the latent heat of PCM provided that HTO uniformly flows.

2.3 Motivation and research gaps

A remarkable development has taken place in the field of use of trigeneration system
and thermal energy storage all over world during the last 2 decades. However,

following research gaps were observed from the detailed literature review:

1. Attention has been paid by many researchers in the field of TES. Although the
information available in literature about this topic is enormous, there are not many
studies on its application with IC engines. The development of TES system is
urgently needed for small capacity stationary CI engine considering domestic and

small establishments’ use.

2. Most of the studies available in the field of energy storage talk about the solar
energy storage and storage of heat at lower temperatures. Very few of them are

related to 1C engine waste heat storage.

3. Various studies available in this field, talk about charging process of TESS,
however, very few of them tell about discharging process. Hence, there is a great

need to study the discharging process (recovery) of thermal energy storage device.
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4. Limited research work has been done in the field of small capacity Cl engine

operated Micro-Trigeneration. There is need to study Trigeneration/ Cogeneration

with small capacity engines.

Very few simulation and experimental studies are available in the literature
related to integration of thermal storage with cogeneration and trigeneration
system. This integration may lead to increase in penetration of Cogeneration and
Trigeneration technologies in various applications in developing countries. Hence,

feasibility study needs to be done for this type of integration.

Very little work has been done on emission resulting from small capacity engine
with trigeneration and thermal storage system. No doubt overall energy efficiency
would increase (as previous studies suggest) but emissions are also of keen
concern in the adoption of these technologies. So there is a need to study the
emissions for the above stated condition.

The above research gaps have motivated to carry out research in above field.

2.4 Objectives of current research

After going through the observed research gaps, the following are decided to be the

major objectives of the proposed research work:

To design and develop a thermal energy storage system (TESS) for stationary CI
engine exhaust heat and integrate the above TESS with micro-trigeneration/co-

generation system for off power and on power operations.

To evaluate the performance and emissions of TESS integrated micro-

Trigeneration system.

To develop a model to predict the performance of Cl engine thermal energy

storage (TES) integrated micro-trigeneration.
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2.5 Research Methodology

The work was carried out for design and development of thermal storage integrated

trigeneration system by recovering waste heat from the engine exhaust. The work was

divided into the following episodes:

Detailed literature survey regarding the CI engines operated micro trigeneration system
and TESS.

Development and installation of load bank, fuel storage and measuring system and

air box.

Test runs of engine with modified system for its durability, accuracy, reliability,
and leak-proof requirements. Further improvement/modification, wherever

required, in the system developed.

Evaluation, analysis and comparison of engine exhaust emission (CO,, smoke NOx
,CO and HC) at various loads.

Experimental evaluation with diesel fueled engine for the performance
determination and comparison of various parameters such as BTE, BSFC, exhaust

gas temperature, etc.
Design and development of TESS.

Selection and fabrication of the heat exchanger for heating water by utilizing the

waste heat of exhaust gases.

Development of heat exchanger for generator of VA system and modify VA

refrigeration by installing the above heat exchanger.

Installation of demonstration plant for displaying all components involved in
trigeneration system, on real life scale. This included the engine, TESS, heat

exchanger for water heating, VA system etc.

Insulation of TESS, heat exchanger for water heating, VA system to achieve

optimal performance.

Experimental evaluation for feasibility of following three possible combinations

for thermal storage micro trigeneration system’s performance.
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Experimental evaluation with feasible combination for thermal storage integrated
micro trigeneration System’s performance during on power mode/ charging of
TESS (when engine was running and exhaust heat was allowed to pass through
heat exchanger, TESS and VA system) and off power mode / discharging of TESS
(when engine was stopped, air from atmosphere with help of air blower was
passed through TESS, where it took heat from TESS and get heated and heated air

was supplied to generator of VA system for maintain cooling)

Emission analysis of thermal storage integrated micro trigeneration system with

feasible combination.

Comparison of performance and emissions of thermal storage integrated micro

trigeneration system with the conventional system (single generation).

Modeling to predict the performance of TES integrated micro-trigeneration

system.

Documentation of the research work.
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CHAPTER 3
EXPERIMENTAL SETUP, PLAN AND PROCEDURE

The experimental setup for thermal storage integrated micro trigeneration system
consisted of a four stroke, single cylinder, air cooled, stationary diesel engine coupled
to dynamometer (an electric dynamometer), integrated with a DPHE for water heating
purpose, a TESS and 41 liters vapour absorption refrigeration system for cooling
purpose. Positions of these components were changed for various combinations as
given in methodology section. Burette meter was used to measure the mass flow rate
of fuel, air box was used to measure air flow and K-type (Cr/Al) thermocouples were
used to measure temperature at various places. AVL make DITEST (AVL DiGas
4000 light) 5 gas analyzer was used to measure NOy, CO, HC, CO, and O in the
exhaust emission from the engine. Smoke (opacity) in exhaust was measured with the
help of AVL 437 smoke meter. The detailed description of the instruments used is

discussed below.

3.1 Experimental set up

This section deals with development of various components along with working of

various measuring equipment.

3.1.1 Engine and dynamometer

Single cylinder, air cooled, stationary diesel engine (TAF1) was chosen as the prime
mover of thermal storage integrated micro-trigeneration system. A diesel engine was
chosen as a prime mover for this study because it has a lot of advantages over other
prime movers. IC engine is inexpensive, reliable and the technology is matured, has
low operating cost and high ease of maintenance. Another reason for choosing diesel
engine as a prime mover in thermal storage integrated micro-trigeneration system is
that it is the most versatile engine widely used in India for agricultural and electricity

generation. The complete specification of the engine is shown in Table 3.1.
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Table 3.1 Specifications of Kirloskar TAF1 diesel engine

No. of cylinder 1

Bore x Stroke mm 87.5x 110
Compression ratio 175:1
Rated output as per I1S: 11170 kW (hp) | 4.4 (6)
Rated speed RPM 1500

Fuel Tank Capacity Liter 6.5
Rotation while looking at the flywheel Clockwise
Starting Hand Start

To determine the brake power electric dynamometer (Power star make) was used. It
consisted of an alternator, to apply load electric bulbs were connected. The load was
varied by switching on the desired number of electric bulbs. The electrical load bank
with control panel is shown in Fig. 3.1 and the specifications of the dynamometer are

given in Table 3.2.

KIRLOSKAR SINGLE CYLINDER
ENGINE WITH
ELECTRICAL DYNAMOMETER

MAIN SWITCH

Fig. 3.1 Electric load bank
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Table 3.2 Specifications of electric dynamometer

Make Power star
Model KBM105
kVA 5

\oltage 230V
Current 21.7A
Frequency 50 Hz
Rating Continuous
Revolutions per minute 1500

PF 1.0

3.1.2 Air flow measurement

To measure the air flow to the engine, an air box (0.60 x 0.60 x 1.20 m®) was used. At
the entrance of one side wall of air box, an orifice (diameter = 25 mm and coefficient
of discharge, Cq= 0.6) was fitted. The outlet of the air box was connected to air filter
mounted on engine as shown in Fig. 3.2. During operation, pressure inside the box
was less than atmospheric pressure outside the box. The pressure inside the air box

was measured with the help of U-tube manometer. Air induced per second is given by:

Air induced/second (m%s) = Cq X Agpifice X 29’;—:%
Where, Cq = 0.6
Aorifice = 0.000491 m?
hw = Manometer difference in m
pw = Density of water (1000 kg/ m®)
pa = Density of air (1.20 kg/m®)
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Mass flow rate of air can be calculated using the following equation:

Mass flow rate of air = Air induced/second (m?/s) x Density of air (kg/m®)

Fig. 3.2 Air box

3.1.3 Fuel flow measurement

Fuel flow measurement is an important step for quantitative determination of brake
specific fuel consumption (BSFC). Volumetric fuel flow rate was measured using
burette method. A glass burette with calibration marks was connected to the fuel tank
and the engine through a tee valve as shown in Fig. 3.3. Initially, fuel line was
connected to the engine and burette, so as to fill the burette with the fuel, while the
supply of fuel to the engine was not interrupted. In order to measure the fuel
consumption the valve was adjusted so that the fuel started flowing from the burette to
the engine. The time taken by the engine to consume a fixed volume of fuel was
measured with the help of stopwatch. This volume divided by the time gave the

volumetric flow rate.
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Mass flow rate of fuel = Volume flow rate x Density of fuel
m¢ = Volume of fuel consumed / Time taken (in second) * p

By putting the value of time taken and density (kg/m°) in above formula mass flow
rate of fuel (kg/s) was calculated.

i

Fig. 3.3 Fuel measuring system (Burette Method)

3.1.4 Exhaust emission analysis

AVL make DITEST (AVL DiGas 4000 light) 5 gas analyzer, used to analyze the
exhaust emission from the engine, is shown in Fig. 3.4. The emissions measured by
AVL DiGas 4000 light included NOy, CO, HC, CO; and O,, out of which, CO, HC
and CO, were measured by NDIR Technique and NOy and O, were measured by
electrochemical sensors. It gives HC and NOx emissions in PPM and that of other
gases in percentage. Smoke (opacity) in exhaust was measured with the help of AVL
437 smoke meter which is shown in Fig. 3.5. Detailed specifications of exhaust gas

analyzer and smoke meter are shown in Table 3.3 and Table 3.4 respectively.
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Fig. 3.5 AVL 437 Smoke meter
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Table 3.3 Specifications of 5-Gas analyzer [103]

Type AVL DiGas 4000 light

Object of measurement CO, HC, CO, NOy, O,

CO, HC, CO, = Infrared
Measurement Principle
O,, NOy - Electrochemical

CO: O0....... 10 % by vol.
COz: O....... 20 % by vol.
Range of measurement O O0....... 22 % by vol.
HC: O0....... 20000 ppm vol.

NOy: O....... 4000 ppm vol.

CO:  0.01 % by vol.

CO2: 0.1 % by vol.

Resolution O,: 0.1 % by vol.
HC: 1 ppm vol.
NOx: 1 ppm vol.
Warm up time 15 min. (self) at 20°C
Speed of response time Within 15 s for 90 % response
Weight 14 kg
Dimensions 360 mm x 370 mm x 220 mm
Power draw 150 W
Operating Voltage 195...253 'V, 47....63 Hz
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Table 3.4 Specifications of smoke meter [104]

Type

AVL 437 smoke meter

Measuring value output

Opacity N [%] or absorption k [m™]

Measuring range

N=0..100%o0rk=0..99.99 m*

Resolution of displayed values

0.01 % opacity or 0.0025 m™

Limit of detection

0.1 % opacity

Zero stability

{0.1 % or 0.0025 m™*}/30 min.(drift with zero gas)

Exhaust gas temperature

0 to 600 °C (800°C with high pressure option)

Exhaust gas pressure

o

-100 mbar to 400 mbar(including pulsation peaks)

mbar t03000 mbar with high pressure option

Automatic (Self calibration immediately after switch

Calibration
on or at the press of key)
501 mm x 200 mm x 330 mm (Control Unit)
Dimensions
520 mm x 255 mm x 455 mm (Sensor Unit)
16 kg (Control Unit)
Weight 21 kg (Sensor Unit)

6 kg (Trolley)

Power Consumption

600 W (Overall equipment)

500 W (Measuring Chamber Equipment)

Storage Temperature

-30°Cto +65°C

Power Supply

190to 240V AC,50to 60 Hz, 2.5 A, 11.5t0 36 V DC
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3.1.5 Temperature measurement

K-type thermocouples were installed at required points. K-type thermocouples can
measure temperatures in the range of -200 °C to 1260 °C. Standard and special limits
of error of K-type thermocouple is + 2.2 °C or + 0.75 % and £ 1.1 °C or £ 0.4 %
respectively. Sensitivity and power consumption of the thermocouple is about 41

HV/°C and 3 mW respectively.
3.2 Design and development of heat exchanger for thermal energy storage

Thermal energy storage system was used to store thermal energy and this stored
thermal energy was utilized in actuating the generator of vapour absorption
refrigeration system (during off-power condition) for sufficient time to achieve /
maintain cooling. Hence, this was the key consideration for designing / selection of
heat exchanger. Following steps were adopted for designing / selecting a heat

exchanger:

a. Amount of energy required to run the vapour absorption system during off-
power condition was calculated. Accordingly, amount of energy needed to be

stored in TESS was estimated.
b. Selection of suitable type of heat exchanger.
c. Selection of suitable phase change material for storage of thermal energy.
d. Calculation / selection of dimensional parameters of heat exchanger.

To estimate the amount of energy required to run the vapour absorption refrigeration
system initially, refrigeration effect was calculated and after calculation of
refrigeration effect, effectiveness of heat exchanger (at the generator of VA system)
was taken into consideration to obtain the amount of energy required to run the VA
system. Once amount of energy required to run the VA system was obtained,
considering various heat losses from TESS and discharging efficiency, amount of

energy needed to be stored in TESS was calculated.

From the literature, it was found that from the numerous available options for heat
exchangers, shell and tube type heat exchanger was quite simple and the best for
charging of phase change materials [92]. Hence, it was decided to design and

construct a shell and tube type heat exchanger.
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Several researchers have carried out investigations on a wide range of PCMs,
subdividing them into organic, inorganic and eutectic PCMs. Factors that must be
considered while selecting the phase change material for heat storage purpose are that
PCM must possess (a) a melting point in the desired operating temperature range, (b)
high latent heat of fusion per unit mass, (c) high specific heat, (d) high thermal
conductivity, (e) small volume changes during phase transition, (f) chemical stability,
(g) corrosion resistance to container materials, (h) non-toxicity, (i) non-flammability
and (j) should be non-explosive. Agyenim et. al. [92] presented a list of PCMs
investigated for different applications. Based on the engine exhaust gas temperature
(reaching up to 590 °C at full load), considering temperature drop of exhaust gas
before reaching the heat exchanger, the effectiveness of heat exchanger, and exhaust
temperature at part load conditions (since the engine will not always run at full load),
PCMs with melting point between 100 °C and 130 °C were considered . From the
available PCMs with melting point in this temperature range the two phase change

materials as given in Table 3.5 were short-listed:

Table 3.5 Properties of selected PCMs [92]

S. No. Name of PCM Melting Point Latent Heat Specific Heat
(°C) (kJ/kg) (kJ/kg-K)
1 Magnesium 116.7 168.6 2.61 (Liquid)
chloride hexahydrate 2.25 (Solid)
2 Erythritol (C4H1004) 117.7 339.8 2.61 (Liquid)
2.25 (Solid)

Magnesium chloride hexahydrate is a toxic compound and also has a much lower
latent heat compared to erythritol, hence, erythritol was selected as PCM for this
experimental investigation. Erythritol is a naturally occurring polyol produced by
bacteria, yeast and fungi. Erythritol is biological sweetener and is used extensively in
the food and pharmaceutical industries [105].
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Selection / calculation of dimensional parameters of shell and tube type heat
exchanger involved consideration of many interacting design parameters which can be

summarized as follows:

1. Fluids assignment to shell side and tube side.
2. Specifications of tube parameters - size, layout, pitch and material.
3. Specifications of shell parameters — size, material, baffle spacing and
clearance.
Since erythritol was selected as the phase change material (cold medium), its mass
was to be kept constant in the system, hence, it was decided to fill erythritol inside
shell and exhaust gases (hot medium with moving mass) were designed to pass

through the tubes.

As per the design manual [106] most common outer diameters of tubes are 1.875 cm
and 2.54 cm. For greater heat transfer area smallest diameter is preferred and hence,

outer diameter (tube) of 1.875 cm was selected.

After finalizing the size of the tube, the size of shell was obtained. The size of the
shell was so that the back pressure will remain in allowable limit. The temperature and
back pressure relationship is given in Appendix A.1. Simplified Delware method was

used to compute shell-side pressure drop. The equation for shell side pressure drop is:

AP = 1.6 x 10% fG?ds (Np+1) / desq

Where,

f = Friction factor (dimensionless)

G = Mass flux (kg/s.m?)

ds = Shell internal diameter (m)

Np = Number of baffles

S = Specific gravity of fluid

de = Equivalent diameter

0] = Viscosity correction factor

The value of friction factor, equivalent diameter and viscosity correction factor were
taken from the graphs [106].
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Based on the above pressure drop and easy availability in market, shell diameter was
selected as 34.6 cm. After selecting shell diameter numbers of tubes were calculated.
A thumb rule was used to find the number of tubes i.e. for heat exchanger diameter of
the shell is taken as 1.5 to 2 times that of the diameter of tube bundle [107]. Following

formula was used to find the number of tubes

Nt 1/Tl
Dy = do (7)

Where,
Dy = Bundle diameter
do = Outer diameter of tube
Nt = Number of tubes
K = Constant and value is taken from reference table i.e. 0.215 [106]
n = Constant and value is taken from reference table i.e. 2.207 [106]

Table 3.6 Specifications of shell and tube type heat exchanger

Parameter Value

Hot side fluid Engine exhaust (Tube)
Cold side medium Erythritol (Shell Side)

Shell material Mild steel

Shell height 42.0 cm
Shell diameter 34.6 cm
Tube material Mild steel
Tube diameter 1.875 cm

No of tubes 45

No of fins 4 on each tube
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With above equation 45 numbers of tubes were calculated and square pattern
arrangement was selected because it simplifies cleaning and has lower shell side
pressure drop. Specifications of developed shell and tube type heat exchanger are
given in Table 3.6.

Next step after obtaining the dimensions of shell and tubes was fabrication of heat
exchanger. 21 thermocouples were placed at three different horizontal planes at a
height of 10 cm, 20 cm and 30 cm respectively from the bottom of TESS. Fig. 3.6
shows the position of thermocouples in the shell. Photographic view related to
fabrication of various components of shell and tube type heat exchanger is shown in
Fig. 3.7. Insulation was done in 3 layers with the help of glass wool, asbestos rope

covered on the top by plaster of Paris.

This heat exchanger had inlet and outlet (for exhaust gas) as diverging and converging
sections respectively. Diverging section was used at bottom side of shell to expand the
exhaust gas for better heat transfer between exhaust gas and tubes. Converging section

was used at top of the shell to allow easy escape of the exhaust gas.

Intermediate Outer Poisition of
Poation of Themocouples
Themocouples

7

Outer Poisition of
Thermocouples

Intermediate

Position of

Themmocouples

X -- Poision of thermocouples

All dimensions are i mm

Center Position X
of Thermocouples___|

Outer Poisition of
Themocouples

Fig. 3.6 Position of tubes and thermocouples in shell
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Fig. 3.7 Photographic view of various components of shell and tube heat exchanger

After development of heat exchanger tests were also conducted with PCM having
higher melting point than erythritol. From the list of available PCM, Sodium Nitrate
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(NaNOs) with melting point 310 °C was selected for test. The temperature and energy
from the engine exhaust gas was not sufficient to completely melt NaNOg3. Therefore

the idea of using NaNO3 as a storage medium for TESS was dropped.
3.3 Design and development of double pipe heat exchanger

A double pipe heat exchanger of mild steel was designed and fabricated for providing
hot water. The heat exchanger was designed to recover maximum amount of heat

available in the engine exhaust i.e. at full load condition of the engine.

Using the formulae given in handbook [108] for double pipe heat exchanger, heat
exchanger was designed. Since the heat exchanger was used to heat water using
exhaust gas of engine, hence, diameter of inner tube was restricted to diameter of
exhaust line of engine and hot exhaust gases were made to flow through the inner
tube. Cold water was passed through outer tube. Key points of design were energy
availability in the exhaust of the engine, inlet temperatures (hot fluid inlet temperature
and cold fluid inlet temperature), etc. Following equations were used for designing the

double pipe heat exchanger:
The flow cross sectional area (A¢) was calculated using the following equation:

Ac = Aouter pipe = Alinner pipe
The flow wetted perimeter (P) was calculated using the following equation:

P = 1 douter pipe + T Ginner pipe
The hydraulic diameter (Dp) was calculated using the following relation:

Dn=4A./P
The value of Reynolds number (R¢) was determined by the following expression:
Re=pVDn/

The calculation of the friction factor (f) was done using the following expression:

f=(0.790InRep— 1.64)2
Knowing the Prandtl Number (Pr) for this application to be Pr = 0.7, the Dittus-
Boelter equation was used to obtain the value of Nusselt number (N,) as given below :

Nu=0.023Re‘5_‘Prn

Where, n = 0.4 for heating, and
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n = 0.3 for cooling of the fluid.

Using convection correlations for non-circular tubes, the convective heat transfer

coefficient (h) was calculated using the following expression:
Nu =hDp/ k

The major heat transfer resistance is due to the inner tube. This resistance was
calculated by neglecting the thermal resistance (R;) inside the inner tube using the

following equation:
Ri= 1/ ndinner pipe Ih

From the value of R; as mentioned above, the value of UA was calculated by the

following equation:
UA=1/R;
Number of transfer units (NTU) was calculated by knowing the value of UA and
minimum capacity rate (Crin) by the following expression:
NTU = UA / Cpin

Here, the value of Cnin (C = m x c) was obtained for the hot fluid and value of
maximum capacity rate (Cmax) Was obtained for cold fluid. Then the value of
effectiveness (€) was calculated by knowing the value of capacity ratio (C = Cyin /
Cmax) using the following equation:

_ 1-exp{-NTU(1-C)}
*= 1-Cexp{-NTU(1-C)}

Specification and pictorial view of double pipe heat exchanger is given in Table 3.7

and Fig. 3.8 respectively.

Fig. 3.8 Pictorial view of double pipe heat exchanger
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Table 3.7 Specification of double pipe heat exchanger

Parameter Value
Fluid Engine exhaust (Inner tube)
Water (Outer tube)
Diameter of outside tube 5.08 cm
Diameter of inside tube 3.81cm
Length of outside tube 67.70 cm
No. of passes per shell Single
Contact area of water (outer tube) 810 cm?
with hot fluid (inner tube)

3.4 Modification in vapour absorption refrigeration system

Electrolux vapour absorption system, with a capacity of 41 liters and heat input of 95
Watts, was used for cooling purpose. This type of cooling system is also called three
fluids absorption system. The three fluids used in the system were ammonia, hydrogen
and water. Ammonia was used as refrigerant because it possesses most of the
desirable properties for refrigerant. Hydrogen being the lightest gas was used to
increase the rate of evaporation of liquid ammonia passing through the evaporator.
Water was used as a solvent because it has the ability to absorb ammonia readily. Fig.

3.9 shows the working of electrolux type vapour absorption refrigerator.

The vapour absorption system cycle is as follows. The ammonia liquid leaving the
condenser flows downward under gravity to the evaporator where it meets hydrogen
gas. The hydrogen gas which is being fed to the evaporator permits the liquid
ammonia to evaporate at a low pressure and temperature according to Dalton’s
principle. The mixture of ammonia and hydrogen passes to the absorber. In absorber,
weak ammonia solution in water is also added coming downward from water

separator with gravity flow. Water absorbs ammonia in absorber and hydrogen returns
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upwards from absorber to evaporator. Hence, strong solution of ammonia in water
passes from absorber to the generator where it is heated and ammonia vapour with
traces of water vapour rises off to the water separator. Water is separated out from
ammonia in water separator and a weak solution of ammonia is returned downward to
the absorber with gravity flow. The ammonia vapour rises from the separator to the

condenser where it is condensed to ammonia liquid, hence, completing the cycle.

AMONIA
] VAPOUR
»| WAIER o] CONDENSER
SEPARATOR
AMONIA
LIQUID
HYDROGEN
GAS EVAPO-
r » RATOR
AMONIA WEAK
VAPOUR S
AND SOLUTION AMONTIA AND
WATER »| ABSOR | HYDROGEN
BER
STRONG
SOLUTION
GENERATOR | !

Fig. 3.9 Electrolux type vapour absorption refrigeration system

The generator of the VA refrigerator used in this study was modified to utilize the
waste heat of engine exhaust gases. For the above purpose, a counter flow, double
pipe heat exchanger was designed, fabricated and installed. In this double pipe heat
exchanger, the generator tube was used as the inner tube and a mild steel pipe was
taken as outer pipe. The length of the outer pipe of heat exchanger was fixed
according to the maximum vertical length available at the generator but the diameter
of the outer pipe was varied within the restricted space available between the
generator tube and evaporator chamber in order to adjust the effectiveness of the heat
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exchanger which could provide the required heat transfer rate at the generator. The
same design procedure as given in design of double pipe heat exchanger section was

adopted to select the outer diameter of pipe.

The length of the outer pipe was taken as 0.216 m as per the maximum space available
at the generator side. Considering the limited space availability and requirement of an
insulation layer surrounding the outer pipe, the diameter of the outer pipe was selected
as 1.5” i.e. 38 mm. Photographic view of the heat exchanger fitted in VA system is

shown in Fig. 3.10.

The heat exchanger for generator thus developed was well insulated outside by three
alternative layers of glass wool, asbestos rope and plaster of Paris of 3 mm thickness
each. This insulation was basically provided to prevent the flow of heat from the

generator to the evaporator.

Fig. 3.10 Photographic view of heat exchanger fitted in VA system

50



3.5 Integration of various components

For the trigeneration with thermal energy storage, various components (double pipe
heat exchanger, shell and tube type TESS and modified VA refrigeration system) were
integrated to the engine with the help of piping and valves. For various combinations
as given in methodology section, position of components was changed accordingly.
To achieve single generation with thermal energy storage, TESS was integrated
directly to the engine. Components with the help of various valves and piping were
arranged in such a manner that rest of the modes (CHP, CHP with TES and CCHP
with TES), could be achieved by controlling the valves only without disturbing the
positions of various components. The physical set-up and valve positions are
explained in the next section — ‘Experimental plan and procedure’ with the help of
Table 3.8.

3.6 Experimental plan and procedure

Experimental test plan and performance parameters are discussed in this section. The
experimental investigation of the performance of thermal storage integrated micro-
trigeneration system was divided in various steps. In the very first step all the
components (engine, double pipe heat exchanger, thermal energy storage system and
vapour absorption refrigeration system) were arranged in three different combinations
as explained earlier in methodology section to find the most feasible solution.
Photographic views of all the three combinations i.e. (i) Engine + TESS + VA system
+ Heat exchanger; (ii) Engine + VA system + TESS + Heat exchanger and (iii) Engine
+ Heat exchanger + TESS + VA system are shown in Fig. 3.11, 3.12 and 3.13

respectively.

After finding the feasible combination i.e. the combination Il (Engine + Heat
exchanger + TESS + VA system), experimental investigation of the performance of
the thermal energy storage integrated micro-trigeneration system was carried out to
suit the conditions of single generation, cogeneration (CHP), cogeneration with TES
and trigeneration (CCHP) with TES modes. For single generation with TES mode
TESS was integrated directly to the engine. The schematic diagram of experimental

setup with feasible combination is shown in Fig. 3.14.
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Fig. 3.14 Schematic diagram of experimental setup for feasible combination
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Table 3.8 Position of valves for various steps

Bypass | Bypass | Bypass
Test Mode yP P yP Valve 1 | Valve 2 | Valve 3
Valve 1 | Valve 2 | Valve 3
Single Generation (2" step) Open Closed | Closed | Closed | Closed | Closed
Cogeneration (CHP) (4™ step) Closed Open | Closed | Open Closed | Closed
Cogeneration ~ with  thermal
energy storage (CHP with TES) | Closed | Closed | Open Open Open Closed
(5™ step)
Trigeneration  with  thermal
energy storage CCHP with TES | Closed | Closed | Closed | Open Open Open
(6™ step)

In the second step, a series of tests were carried out to evaluate the engine generator
performance when it was to be run on a single generation system (base case). In the
third step, a series of tests were conducted to evaluate the performance of single
generation with TES mode. In the fourth step, a series of tests were conducted to
evaluate the performance of cogeneration (CHP) mode. In the fifth step, a series of
tests were conducted to evaluate the performance of cogeneration (CHP) with TES
mode. In sixth and the last step, a series of tests were conducted to evaluate the
performance of trigeneration (CCHP) with TES mode. Valve positions for various

steps are shown in Table 3.8 and valve locations are shown in Fig. 3.14.

3.6.1 Performance of engine generator working on single generation system

A number of tests were performed on single generation system to determine the
engine generator performance and emissions. While varying the engine load between
idle to full load, various parameters were recorded e.g. power output, fuel
consumption, exhaust temperature and emissions (CO, CO,, NOy, HC and smoke). As
per the schematic diagram of the whole set up as shown in Fig. 3.14, only bypass

valve 1 was opened and rest of the valves were kept closed for single generation
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system. Exhaust gases coming from engine were passed to atmosphere through bypass

valve 1.

3.6.2 Performance of single generation with thermal energy storage

A number of tests were performed to determine the performance and emissions for
single generation with TES. Experimental setup for the same is shown in Fig. 3.15.
Experiment was carried out in two stages. First stage was charging of TESS and the
second stage was discharging of TESS. In the first part of first stage, the inlet valve to
the TESS was closed and bypass valve was opened i.e. TESS was not integrated with
the engine. At this stage, various parameters of the engine viz., brake thermal
efficiency (BTE) and brake specific fuel consumption (BSFC) and emissions (CO,

CO,, NOx, HC and smoke) were recorded and evaluated.

In the second part of first stage, initially the inlet valve to the TESS was closed to
obtain the steady state, and on the accomplishment of the same, inlet valve to the
TESS was opened and the bypass valve was closed. Hence, the exhaust was passed
through the TESS and various parameters (BTE, BSFC and temperatures at various
places in TESS) and emissions (CO, CO,, NOx, HC and smoke) were observed /
calculated.

Fig. 3.15 Experimental setup for single generation with TES
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In the second stage (discharging), the engine was kept off and an air blower was used
to blow air from the bottom of the TESS and hot air was obtained at the top of latent
heat thermal energy storage system (LHTESS or TESS). This discharging process is
shown in Fig. 3.16.

Fig. 3.16 Discharging of TESS

3.6.3 Performance of cogeneration (CHP) system

In the cogeneration (CHP) mode, exhaust gases from engine were passed through
valve 1 to a double pipe heat exchanger and bypass valve 2 was open as shown in
schematic diagram of the whole setup in Fig. 3.14. Rests of the valves (bypass valve
1, 3 and valve 2, 3) were kept closed. While varying the engine load between idle to
full load, various parameters were recorded e.g. power output, fuel consumption,
temperatures of cooling water at entry and exit points of both, engine and heat
exchanger, water flow rate and emissions (CO, CO,, NOy, HC and smoke).

3.6.4 Performance of cogeneration (CHP) with thermal energy storage system

In the cogeneration (CHP) with TES mode, exhaust gases from engine were passed
through valve 1 and valve 2 to a double pipe heat exchanger, TESS and to atmosphere

through bypass valve 3 as shown in schematic diagram of the whole setup in Fig. 3.14.
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Rests of the valves (bypass valve 1, 2 and valve 3) were kept closed. While varying
the engine load between idle to full load, various parameters were recorded e.g. power
output, fuel consumption, temperatures of cooling water at entry and exit points of
both, engine and heat exchanger, water flow rate, temperatures at inlet and outlet of
TESS, and emissions (CO, CO,, NOy, HC and smoke).

3.6.5 Performance of trigeneration (CCHP) with thermal energy storage system

Experiments for performance of CCHP with TES were carried out in two stages. First
stage belonged to charging of TESS and second stage belonged to discharging of
TESS. In the first part of first stage, the inlet valves to the double pipe heat exchanger,
TESS, VA system (valves 1, 2 and 3 and bypass valves 2 and 3 as shown in schematic
diagram of the whole setup in Fig. 3.14) were kept closed and bypass valve 1 was

opened (stage similar to that explained in section 3.6.1).

In the second part of first stage, initially the inlet valves to the double pipe heat
exchanger, TESS, VA system (i.e. valves 1, 2 and 3 and bypass valves 2 and 3 as
shown in schematic diagram of the whole setup in Fig. 3.14) were kept closed and
bypass valve 1 was kept open until steady state was obtained, and on the
accomplishment of the steady state, bypass valves 1, 2 and 3 were kept closed and
inlet valves (valves 1, 2 and 3) to the heat exchanger, TESS and VA system were
opened. At this condition, the exhaust was allowed to pass through the heat exchanger,
TESS and VA system. Various parameters were recorded e.g. power output, fuel
consumption, temperatures of cooling water at entry and exit points of both, engine
and heat exchanger, water flow rate, temperatures at inlet and outlet of TESS and VA
system and emissions (CO, CO,, NOy, HC and smoke).

In second stage, the engine was off. An air blower blew the air from the bottom of the
TESS (through bypass valve 2) and hot air was used (through valve 3) to actuate the
VA system. In this recovery process, only bypass valve 2 and valve 2 and 3 were kept
open and rest of the valves were kept closed. The recovery was done until the
temperature of VA refrigerator cabin became constant while supplying hot air with the
blower. Flow chart of various stages is shown in Fig. 3.17, 3.18 and 3.19.
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To estimate the performance of thermal energy storage integrated micro-trigeneration
system, the engine was operated at different loads. At the steady state stage, a record
of different data was generated by taking the readings of engine generator power
output, fuel consumption and different temperatures. Temperatures at inlet and outlet
of TESS, heat exchanger, VA system generator, engine exhaust, and temperature of
erythritol powder at different places were taken at every 10 minutes’ interval, until the
steady state in temperature of refrigerant at inlet to evaporator of VA system was
achieved and maintained for half an hour. For the performance evaluation of VA,

various parameters were recorded and evaluated.

For calculation of heat input to the generator of VA system, exhaust gas temperature
at inlet and outlet to the generator of VA system was recorded. The refrigeration effect
was calculated by placing a known quantity of water (2 kg) inside the cabin of VA
refrigeration system in a vessel and noting down the initial temperature. By
continuously supplying the heat to the generator of VA, the temperature of refrigerant

at inlet to evaporator of VA system started decreasing and reached a minimum value
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of -4.2 °C. By supplying more heat there was no change in this temperature and hence,

it was assumed that steady state in refrigerant temperature was obtained.

At this steady state (with refrigerant temperature of -4.2 °C) heat was supplied for 30
minutes. Due to this, heat from water was extracted by cold refrigerant and
temperature of water decreased. Final temperature of water (in the vessel) after 30
minutes was recorded and used for calculating the refrigeration effect. Time for above
change in temperature of water from initial temperature was recorded and
refrigeration effect was calculated. The engine was stopped when the steady state in
temperature of refrigerant inlet to evaporator of VA system was achieved and
maintained for half an hour. After stopping the engine discharging of TESS was done.

The process was repeated at different loads.
3.7 Thermodynamic energy analysis

The following performance parameters were calculated for the system based on the

energy principle:

Brake specific fuel consumption (BSFC): Brake specific fuel consumption is an
important parameter that shows how efficiently an engine is converting fuel into work.
BSFC is defined as the ratio of fuel consumed in kg/h to the brake power and the

expression of BSFC is given as:

BSFC = fuel consumed in kg/h kg/kWh

Brake power in kW

Thermal energy content in fuel input is given by:

Qg = my * LCV 4 (1)

Thermal energy carried by the exhaust gases is given by:

Qexhaust = mexcpex{Teng.ex.gas - Tambient} kw (2)
Thermal energy recovered by double pipe heat exchanger (heating) is given by:
QDPHE = mepW{Two - Twi} kw (3)

Thermal energy stored in thermal energy storage system is given by:

Qres = Mpem|[Cy pcm{Tf pem — T pcm} + Latent heat of PCM

+ Cp liq pcm{Tfliq pem Ti lig pcm} ]/time kw (4)
Thermal energy recovered in VA system is given by:
Qva = mepW{vaai - vaao} /time kW )
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Total useful energy for combined heating, cooling and power with storage is given by:
Qtneps = Electric output + Qppug + Qres + Qva kW (6)
Brake thermal efficiency (BTE): Brake thermal efficiency is one of the important
parameters of engine performance because it gives a measure of net power developed
by the engine, which is available for use at the engine output shaft, with respect to the

heat supplied in the form of fuel. Thermal energy efficiency (%) for the diesel engine

is given by:
Electricoutput
Ny = 0 * 100 (7)
fi
Thermal energy efficiency (%) for combined heating, cooling and power with storage
IS given by:
_ chcps

NCheps =~
Chcps Qﬁ
* 100 (8)
Percentage energy saved is calculated using:

Qopuk + Qres +Q
Qsaved = g = *100 ©)
1

3.8 Thermodynamic exergy analysis:

The following equations (eq. 10-21) were used to determine the performance
parameters of thermal energy storage integrated cogeneration system based on exergy
principle:

The input exergy to the diesel engine is given by:

Exergy recovered in double pipe heat exchanger (heating) is calculated using:

. T,
€ppHE = mwcpex {Two = Twi} — T ln(TL(?)] (11)

wi

Exergy present in thermal energy storage is given by:

_ MpemCppem T pem

ergs = T {Tf pem ~ Ti pcm }_ To ln(m)

m * Latent he PCM T,

S L [1 -2 ] kw (12)
time Tielt
Exergy recovered in VA system is given by:
m
€REF = Trze Pw [{vaai - vaao}
vaao
—ToIn(7—)] (13)

vaai
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Total exergy for combined heating and power is calculated using:

ewmp = Electric output + eppyg (14)
Total exergy for combined heating, power with thermal storage is given by:

ewmps = Electric output + eppyg + ergs (15)
Total exergy for combined cooling, heating, power with thermal storage is given by:
€tcchp = Electric output + eppyg + ergs + €rgr (16)
Exergy efficiency (%) of diesel engine is given by:

Electricoutput
_—%

Nexergy,p = 100 a7

€f

Exergy efficiency (%) for combined power and heating is calculated using:
€th
Nexergy Chp = ';_fp * 100 (18)

Exergy efficiency (%) for combined power, heating with thermal storage is calculated
using:

€th
— 1S

Nexergy Chps = 100 (19)

Exergy efficiency (%) for combined power, cooling and heating with thermal storage
is given by:

€tcch
Nexergy Chps — % *100 (20)

Exergy saved is thus calculated as:

€ppHE T €TES T €Rrer
€saved = e (21)
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CHAPTER 4
RESULT AND DISCUSSIONS

In this chapter, various engine performance parameters like BTE and BSFC were
evaluated for single generation, single generation with TES, cogeneration (CHP),
cogeneration with TES and trigeneration (CCHP) with TES modes at different load
conditions i.e. zero load to full load. Performance parameters like effectiveness for
heat exchanger; charging efficiency, energy storage and recovery efficiency for TESS;
and COP for vapour absorption system were evaluated. Comparative analyses of
engine emissions (CO, HC, NOx, CO, and smoke) for different modes were done.
Three sets of readings were taken for all cases and following sections show the test
results of average values of the three tests for each parameter. Error analysis is

discussed in Appendix A.2.

4.1 Performance parameters for single generation with thermal energy storage
(TES) system

In this section, performance parameters like engine performance, time vs. temperature
plot for TESS, charging efficiency, recovery efficiency, and percentage energy saved,
etc. are reported and discussed.

4.1.1 Engine performance parameters

Engine performance parameters like brake thermal efficiency (BTE) and brake
specific fuel consumption (BSFC) were considered. Brake Thermal Efficiency (BTE)
is one of the important parameters of engine performance because it gives a measure
of net power developed by the engine, which is available for use at the engine output
shaft, with respect to heat supplied in the form of fuel. Specific fuel consumption is
also an important parameter that shows how efficiently an engine is converting fuel
into work. Variation in BTE and BSFC, plotted against load for conditions when
engine was operated only for single generation; and when engine was operated only

for single generation integrated with TESS; are shown in Fig. 4.1 and 4.2 respectively.
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Fig. 4.2 Variation in BSFC against loads with and without TESS

It has been observed from these plots that the BTE was slightly low and BSFC was
slightly high when engine was integrated with TESS. Variation in BTE is in the range
of 1.2 to 3.8 % and variation in BSFC is in the range of 1.2 to 3.9 %.
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4.1.2 Variation in temperature with respect to time at various places in TESS
during charging

Performance of TESS was concerned with heat transfer from flowing exhaust gas to
energy storage medium (erythritol) and vice versa. Hot exhaust gas flows from bottom
to top of the shell and tube type heat exchanger (TESS) and heat transfer takes place

from exhaust gas to erythritol during charging process.

Fig. 4.3 and 4.4 show the rise in temperature of erythritol (phase change material, to
reach the melting point temperature from atmospheric temperature, approx. 30 °C) at
various places in TESS with respect to time and variation in temperature with time at
different positions on a fixed plane at a load of 4.4 kW during charging of TESS

respectively.

At 117.7 °C (Approximately 118 °C), erythritol started melting and since then, the
temperature of erythritol, as obtained from all the 21 thermocouples remained
unchanged (at 118 °C) until the entire amount of erythritol melted. The duration of
this temperature stability was different at different loads due to the difference in heat
carried by exhaust at different loads. The stability in temperature was due to the latent
heat absorption by erythritol during the phase change. As soon as the entire erythritol
was melted, there was further increase in temperature again due to specific heat
absorption by liquid erythritol. Hence, when the temperature started rising again after
stabilizing at melting point (118 °C) for quite some time, it was understood that entire
erythritol was melted and then the engine was stopped. All the thermocouples showed

the same temperature (118 °C) when the entire erythritol was melted.

It has been observed from Fig. 4.3 that there is approximately constant rise in
temperature in TESS. At a load of 4.4 kW, temperatures reached above the melting
point temperature (after complete melting of erythritol) in 65 minutes. Similar results
were obtained at other loads also except for time. At various loads viz., 1.8 kW, 2.7
kW and 3.6 kW, the time to reach above the melting point was 155 minutes, 135
minutes and 100 minutes respectively. Due to higher exhaust gas temperature at
higher loads the time taken to reach the melting point was lesser.

From Fig. 4.4 it can be seen that rise in temperature of erythritol at center position was

higher as compared to outer (peripheral) position. This was due to the fact that exhaust
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was passing through a diverging section and hence, most of the effect of exhaust was
at center tubes.
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Fig. 4.3 Variation in temperature with time at various places in TESS during charging
at a load of 4.4 kW.
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4.1.3 Time - Temperature relationship at various loads during charging of TESS

The rise in temperature of PCM erythritol (to reach above the melting point
temperature, from atmospheric temperature) with respect to time at various loads is
shown in Fig. 4.5. From these plots it was seen that the slope of rise in temperature
was less at lower loads and it increased as the load increased. This means that heat
rate (heat given to erythritol per minute) increased as the load was increased. Since the
heat rate increased with load, time required for temperature rise of erythritol decreased
with increase in load. This was due to the fact that at higher loads the temperature of
exhaust gases was quite high and hence, the temperature difference between erythritol
and exhaust gas was more due to which, amount of heat transfer increased and time to
heat erythritol decreased. Similarly, at lower loads, temperature of exhaust gases was
less compared to temperatures at higher load, hence, temperature difference between
erythritol and exhaust gases was less, due to which rate of heat transfer decreased and

time to heat erythritol increased.
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Fig. 4.5 Variation in temperature with respect to time at various loads during charging
of TESS
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4.1.4 Charging Efficiency

The charging efficiency is defined as the ratio of energy content in the storage tank to
the actual energy supplied during the charging process. Fig. 4.6 shows the charging
efficiency at different loads.
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Fig. 4.6 Charging efficiency at different loads

Charging efficiency varied from 53.90 to 69.53 % at different loads. Highest charging
efficiency i.e. 69.53% was obtained at peak load of 4.4 kW. This was due to the fact
that at higher loads the temperature of exhaust gas was high and hence, engine needed
to be run for lesser time for the required heat gain by erythritol. Due to running of
engine for lesser time, the heat supplied to the TESS was less and hence, charging
efficiency was more at higher loads. The charging efficiency was certainly adversely
impacted due to heat losses by convection and radiation despite of all the insulations
provided.

4.1.5 Variation in temperature with respect to time at various places in TESS

during discharging

During discharging process, air at atmospheric temperature was blown into TESS
from bottom with the help of air blower. In this process heat transfer took place from
erythritol to air. During this process temperature of air increased and that of erythritol
decreased. Fig. 4.7 shows the drop in temperature of erythritol at various places in
TESS with respect to time. Fig. 4.8 shows the variation in temperature with time at

different positions on a fixed plane during discharging of TESS.

68



m] m2 m3
140

Temperature (°C)
[ee]
(=]

60 - \ m]0 ®m]1]1 ®m]12

R
40 £
71 & W13 ml4 m15
=
20 16 E
1 =
0 £ ®ml6 =17 =18
< 6 =
2 5 =
15 25 35 45 55 45 . 1 :g
285 o5 105 E 19 =20 =21
Time (Minute)

Fig. 4.7 Variation in temperature with respect to time during discharging of TESS

It has been observed from Fig. 4.7 that there was approximately constant decrease in
temperature in TESS at various places in TESS.
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Fig. 4.8 Variation in temperature with time at different positions on a fixed plane
during discharging of TESS
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From Fig. 4.8 it can be seen that temperature drop during discharging at center
position and outer position was more as compare to intermediate position. This might
be due to the fact that heat loss to the environment at outer position was more as
compared to intermediate position. Again air was passing through the diverging
section, hence, most of the effect of air was at center tubes due to which temperature

drop at center was more.
4.1.6 Heat recovery efficiency

Heat recovery efficiency is ratio of heat recovered (during discharging) from the
TESS to the total heat stored by TESS during charging. Fig. 4.9 shows the amount of
heat stored during charging and heat recovered during discharging. It can be seen
from the graph that only 38 % of the total heat stored in TESS was recovered during
discharging.

Heat stored Heat recovered

Fig. 4.9 Relation between amount of heat stored and heat recovered
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4.1.7 Percentage energy saved

Percentage energy saved is indicative of percentage of fuel needed over and above to
produce energy equal to the amount of energy saved by introducing the TESS. The
percentage energy saved at different loads is given in Fig. 4.10. It can be noted from
the graph that a considerable amount of energy in the fuel can be saved. Maximum
energy saved was 11.33 % at the peak load i.e. 4.4 kW.
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Fig. 4.10 Percentage energy saved at various loads
4.2 Performance parameters for cogeneration (CHP) system

In this section performance parameters related to cogeneration (CHP) system like
engine performance parameters, effectiveness of double pipe heat exchanger, useful

energy output and percentage energy saved are discussed.
4.2.1 Engine performance parameters

Variations in BTE and BSFC have been plotted against load for single generation
(only power) and cogeneration (CHP), and are shown in Fig. 4.11 and 4.12

respectively. In CHP system, engine was integrated with double pipe heat exchanger.

BTE and BSFC for both the cases (for single generation and cogeneration) were found
to be nearly the same as shown in Fig. 4.11 and 4.12 respectively which indicates that
there was no significant effect of integration of double pipe heat exchanger on the

performance of engine.
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Fig. 4.11 Variation in BTE against load for single generation and cogeneration (CHP)

0.65 -
0.6 -
0.55 -

=¢—Only power

o
(621
1

—8—CHP
0.45 -

SFC (kg/kWh)
o
N

0.35 -
0.3 -
0.25 -

0.2 . . .
0 0.9 1.8 2.7 3.6 4.4

Load (kW)

om

Fig. 4.12 Variation in BSFC against load for single generation and cogeneration
4.2.2 Effectiveness of double pipe heat exchanger

Effectiveness of heat exchanger isdefined as the ratio of the actual amount
of heat transferred to the maximum possible amount of heat transfer. The
effectiveness of double pipe heat exchanger at various loads with different mass flow
rates of water is shown in Fig. 4.13.

Effectiveness of heat exchanger at 3.0 liters per minute (LPM) mass flow rate of water
was maximum for all load conditions. It can be seen that at a mass flow rate of 1

LPM the effectiveness was minimum and as mass flow rate increased effectiveness
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increased. But beyond mass flow rate of 3 LPM the effectiveness of heat exchanger
decreased. This might be due to the fact that at higher mass flow rates, the temperature

difference between hot fluid inlet to double pipe heat exchanger and hot fluid outlet

decreased.
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Fig. 4.13 Effectiveness of heat exchanger at various engine loads for various mass

flow rates of water

4.2.3 Useful energy output

Total useful energy output of CHP system is calculated as the summation of electrical
output and heat recovered by double pipe heat exchanger. Fig. 4.14 shows the useful
energy output at various loads for single generation (only power) and cogeneration

(CHP) system.
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Significant increase in amount of useful energy output was observed when engine was
integrated with double pipe heat exchanger. The useful energy output for combined
heating and power system varied from 1.36 kW at 0.9 kW engine load to 6.47 kW at
4.4 KW engine load i.e. an increase of approximately 50% compared to that of single
generation. This was due to the utilization of engine waste (exhaust) heat for water
heating purpose.
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Fig. 4.14 Useful energy output at various engine loads for single generation and CHP

modes
4.2.4 Thermal energy efficiency of CHP system

Thermal energy efficiency of CHP system is defined as the ratio of useful energy
output in CHP to the thermal energy content in input fuel. Thermal energy efficiency

for single generation (only power) and cogeneration at various loads is shown in Fig.
4.15.

With utilization of exhaust heat for heating purpose, thermal efficiency of CHP

system increased significantly as compare to single generation system. Maximum
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efficiency was obtained at a load of 3.6 kW and value of maximum efficiency in case

of CHP was 36.6 %. Increase in the thermal efficiency was in the range of 41 to 48 %.
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Fig. 4.15 Energy efficiency at various engine loads for single generation and CHP

modes

4.2.5 Percentage energy saved in CHP

Percentage energy saved is indicative of percentage of fuel needed over and above to
produce energy equal to the amount of energy recovered by introducing the double
pipe heat exchanger. The percentage energy saved at different loads in CHP mode is
given in Fig. 4.16.
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Fig. 4.16 Percentage energy saved at various loads in CHP mode
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It can be noted from the graph in Fig. 4.16 that by integrating double pipe heat
exchanger or converting single generation into CHP mode considerable amount of
energy contained in fuel can be saved. Maximum energy saved was 11.09 % at 80 %
of peak load i.e. at 3.6 kW.

4.3 Performance parameters for cogeneration (CHP) with thermal energy

storage system

In this section performance parameters related to engine, DPHE and TESS are
discussed. Useful energy output based on combined effect of integration of DPHE and

TESS to engine is reported in this section.
4.3.1 Engine performance parameters

Variations in BTE and BSFC have been plotted against load for single generation and
cogeneration (CHP) with TESS, and are shown in Fig. 4.17 and 4.18 respectively. In
CHP with TES, engine was integrated with both double pipe heat exchanger and
TESS.

Slight decrease in BTE and slight increase in BSFC was found when engine was
integrated with DPHE and TESS as compared to single generation. Variation in BTE
was in the range of 2.35 to 5.01 % and variation in BSFC was in the range of 2.4 to
5.2 %.
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Fig. 4.17 Variation in BTE against load for single generation and cogeneration with
TESS
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4.3.2 Useful energy output

Total useful energy output of CHP with TESS is calculated as the sum of electrical
output, heat recovered by DPHE and thermal energy stored in TESS. Fig. 4.19 shows

the useful energy output at various loads for single generation (only power) and
cogeneration (CHP) with TES.
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Fig. 4.19 Useful energy output at various engine loads for single generation and CHP
with TESS
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Significant increase in amount of useful energy output was observed when engine was
integrated with double pipe heat exchanger and TESS. The useful energy output for
combined heating and power with storage system varied from 1.61 kW at 0.9 kW
engine load to 7.20 kW at 4.4 kW engine load i.e. an increase in the range of 63 % to
80 % compared to that of single generation. This increase in useful energy was due to
the heat recovered from engine exhaust for water heating purpose in double pipe heat

exchanger and storage of thermal energy in TESS.
4.3.3 Thermal energy efficiency of CHP with thermal energy storage system

Thermal energy efficiency of CHP with TES is defined as the ratio of useful energy
output in CHP with TES to the thermal energy content in input fuel. Thermal energy

efficiency for single generation (only power) and cogeneration with TES at various
loads is shown in Fig. 4.20.
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Fig. 4.20 Energy efficiency at various engine loads for single generation and CHP
with TESS

With utilization of exhaust heat for water heating purpose and TES, energy efficiency
was increased significantly as compare to single generation system. Maximum
efficiency was obtained at a load of 3.6 kW and value of maximum efficiency in case
of CHP with TES was 40.06 %. Increase in energy efficiency for CHP with TESS was

found to be in the range of 53 % to 62 %. The increase in energy efficiency in the case
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of CHP with TESS as compared to that in single generation was quite high because

exhaust heat was utilized by two systems, viz., double pipe heat exchanger and TESS.
4.3.4 Percentage energy saved in CHP with TESS

Percentage energy saved is indicative of percentage of fuel needed over and above to
produce energy equal to the amount of energy saved by introducing the storage system
and heat exchanger. The percentage energy saved at different loads in CHP mode with
TESS is given in Fig. 4.21.
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Fig. 4.21 Percentage energy saved at various loads in CHP with TESS

Maximum energy saved in CHP with TESS was obtained at a load of 3.6 kW and the
value of percentage energy saved at 3.6 kW was 15.27 %. Since brake thermal
efficiency was highest at about 80 % engine load, hence, maximum percentage energy
saved was also obtained at this load.

4.4 Performance parameters for trigeneration (CCHP) with TESS

All three combinations given in previous chapter were investigated. Trigeneration
with storage could be achieved only at full load condition. Hence all combinations

were investigated at full load condition.

In ‘I” combination when heat was supplied to VA system via TESS, it was found that
temperature of erythritol reached above 190 °C when the cooling was first achieved.

However, at this temperature erythritol started evaporating and started coming out

79



from TESS with exhaust gas due to which white smoke was obtained at engine
exhaust and also value of CO emission in exhaust gas became high. Hence, this

combination was found non-feasible.

In ‘I’ combination when exhaust heat was supplied directly to VA system to achieve
cooling, it was found that refrigerator cabin temperature of VA system started rising
instead of decreasing. This was because of the fact that the exhaust temperature was
quite high when it was supplied to generator of VA system; and due to this heat loss
from VA generator; refrigerator cabin temperature was also high. This heat, which
was lost by VA generator, was gained by cabin of VA refrigerator. Though there was
insulation, but the temperature difference between ambient and exhaust was quite high
and space available for insulation was limited due to construction of VA system.

Hence, this combination was also found non-feasible.

In ‘II” combination when exhaust heat was supplied to TESS via heat exchanger and
then to VA system, problems associated with combination | and 11 were resolved and
in this combination, system was working properly. Hence, it was found that ‘III’
combination was feasible and all other investigations were carried out using Il

combination.

In this section, engine performance parameters, useful energy output, results related to
VA system and performance of TESS during off-power condition related to
combination Il are presented. In this combination, engine was coupled with double
pipe heat exchanger, TESS and VA system. Energy was stored in TESS using
erythritol as energy storage medium initially; and after this, thermic fluid was used as
TES medium.

4.4.1 Engine performance parameters

Test results of BTE and BSFC for base case (only power) and CCHP with TESS were
plotted against load as shown in Fig. 4.22 and 4.23 respectively. It was observed from
these plots that the BTE in CCHP with TESS was slightly low as compare to that for
base case. Similarly BSFC was slightly high in CCHP with TESS as compare to that
for base case. This decrease in BTE and increase in BSFC might be due to the effect
of back pressure in exhaust line of engine due to the presence of various additional

components in the exhaust path.
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Fig. 4.22 Variation in BTE against load for single generation and CCHP with TESS
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Fig. 4.23 Variation in BSFC against load for single generation and CCHP with TESS

4.4.2 Useful energy output in CCHP with TESS using erythritol as energy storage

medium

Total useful energy output of CCHP with TESS was calculated as the sum of electrical
output, heat recovered by double pipe heat exchanger, thermal energy stored in TESS
and heat removed from water in VA system (refrigeration effect). Fig. 4.24 shows the
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useful energy output at various loads for single generation (only power) and
trigeneration (CCHP) with TESS.
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Fig. 4.24 Useful energy output at various engine loads

The useful energy output for CCHP with TESS varied from 1.61 kW at 0.9 kW to
7.27 KW at 4.4 kW load. Significant increase in amount of useful energy output was
observed in CCHP with TESS mode. This was due to utilization of engine exhaust

heat for heating, cooling and thermal energy storage purposes.

4.4.3 Performance of VA system

During on-power mode hot exhaust gases were allowed to pass through the heat
exchanger, and due to this, temperature of refrigerant in the VA generator started
increasing. Water was placed in a vessel inside the cabin of VA refrigeration system.
As temperature of refrigerant in VA generator increased, temperature of refrigerant
inlet to evaporator started increasing, and this resulted in increase in temperature of
cabin of VA refrigeration system. When the temperature of refrigerant in generator
rose above 95 °C there was a sudden drop in refrigerant inlet temperature to
evaporator. At this point, cooling effect started with a continuous drop in the
temperature of refrigerant at inlet of the evaporator. The minimum refrigerant
temperature obtained at the inlet to the evaporator was -4.2 °C. This minimum

temperature was maintained constant by supplying heat continuously to the VA
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generator. Within 30 minutes, 9 °C drop in refrigeration cabin temperature was

observed and drop in water temperature (kept in the vessel) was 3 °C.

Coefficient of performance (COP) is normally used to evaluate the performance of
VA systems. COP is defined as the ratio of refrigeration effect to the heat supplied to
generator of VA system. Using various observations as given in methodology section
for refrigeration effect and heat input to generator, refrigeration effect and heat input
was calculated. Since cooling in VA was obtained at full load condition only, COP of

VA was calculated at full load condition only which was found to be 0.11.

4.4.4 Performance of TESS during off-power mode using erythritol as energy

storage medium

During off-power mode amount of energy stored in TESS was used to actuate the
generator of VA system using air blower as given in methodology section during
discharging of TESS. The heated air was supplied to the generator of VA system. It
was observed that up to 20 minutes there was no change in the refrigerator cabin
temperature of VA system when hot air from TESS was supplied to the generator of
VA system. It was also observed that the refrigerator cabin temperature started
increasing after 6 minutes of stopping the supply of engine exhaust to the generator of
VA system (in on-power mode); in contrast to 20 minutes when hot air was supplied
from TESS to the generator of VA system (in off-power mode). This indicates that
stored energy in TESS had sufficient heat to maintain the temperature of refrigerator
cabin for 20 minutes.

4.4.5 Performance of TESS during off-power mode using thermic fluid as storage

medium

To increase the duration of cabin cooling stability, it was observed that either storage
medium must be heated at higher temperature or the storage medium should be
replaced. It is already seen in the feasibility of | combination that storage temperature
of erythritol is limited due to vaporization of erythritol. The erythritol gained the
temperature near 140 °C when engine was stopped in combination 11l. At this
temperature recovery was done and due to recovery at this lower temperature the
amount of heat required in generator of VA system was obtained for a smaller
duration. Hence, constant temperature in VA cabin was obtained for smaller duration

during off-power mode.
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Due to temperature limitation of erythritol, heating to higher temperature could not be
achieved with erythritol and hence, a thermic fluid named ‘Thermia’ was used as
storage medium (replacing erythritol). Thermia was heated up to 190 °C during
charging as against 140 °C in case of erythritol. By changing the storage medium,
there was no effect on the performance of engine, double pipe heat exchanger and VA

system.

During off-power mode amount of energy stored in TESS was used to actuate the
generator of VA system using air blower as given in methodology section during
discharging of TESS. The heated air was supplied to the generator of VA system. It
was observed that up to 50 minutes there was no change in the cabin temperature of
VA system when hot air from TESS was supplied to the generator of VA system. It
was also observed that the cabin temperature started increasing after 6 minutes of
stopping the supply of engine exhaust to the generator of VA system (in on-power
mode); in contrast to 50 minutes when hot air was supplied from TESS (with Thermia
as medium) to the generator of VA system (in off-power mode). This indicates that
stored energy in TESS (with Thermia as medium) had sufficient heat to maintain the
temperature of cabin for 50 minutes.

4.5 Comparative analysis of single generation, CHP, CHP with TESS and CCHP
with TESS

4.5.1 Engine Performance Parameters

Test results for BTE and BSFC for base case (only power), CHP, CHP with TESS and
CCHP with TESS were plotted against load as shown in Fig. 4.25 and 4.26

respectively.

It was observed from these plots that the BTE in CHP mode was slightly low as
compared to the base case and slightly high compared to CHP with TESS as also
CCHP with TESS. Similarly BSFC was slightly high as compare to base case, slightly
low compare to CHP with TESS as also CCHP with TESS. This decrease in BTE and
increase in BSFC might be due to the effect of back pressure in exhaust line of the
engine. As number of component in exhaust line increased, back pressure also

increased and hence, performance of engine decreased.
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Fig. 4.25 Variation in BTE against load for various modes
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Fig. 4.26 Variation in BSFC against load for various modes
4.5.2 Useful energy output

Fig. 4.27 shows the useful energy output for various modes at different engine loads.
The useful energy output for CCHP with TESS varied from 1.61 kW at 0.9 kW to
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7.27 KW at 4.4 kW load compared to 1.61 kw, 1.36 kW and 0.9 kW at 0.9 kW load
and 7.21 kW, 6.47 kW and 4.4 kW at 4.4 kW for CHP with TESS, CHP and only
power respectively.
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Fig. 4.27 Useful energy output at various engine loads for various systems

Significant increase in amount of useful energy output was observed on utilization of
waste heat for the purpose of heating water / cooling / TES individually or in different
combinations. At a load of 0.9, 1.8, 2.7 and 3.6 kW useful outputs are same for CHP
with TESS and CCHP with TESS because at these loads cooling was not achieved.

4.5.3 Percentage energy saved

The percentage energy saved at various loads for CHP, CHP with TESS and CCHP
with TESS are given in Fig. 4.28. At a load of 0.9, 1.8, 2.7 and 3.6 kW, percentage
energy saved was same for CHP with TESS and CCHP with TESS because at these
loads cooling was not achieved. The value of percentage energy saved at full load for
CHP, CHP with TESS and CCHP with TESS was 11.03 %, 15.016 % and 15.303 %
respectively. This indicated that there was a significant saving of energy in CCHP
with TESS mode as compared to CHP and CHP with TESS modes.
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Fig. 4.28 Percentages energy saved at different loads for various systems
4.5.4 Exergy efficiency for various operating modes

Various exergy parameters as defined in Chapter 3 were evaluated at various engine
loads and values were tabulated as shown in Table 4.1. Exergy efficiency for various
operating modes at different engine loads is shown in Fig. 4.29. It was noted from the
graph that a considerable amount of exergy in the fuel could be saved by utilization of
waste heat in various modes. Maximum exergy saved was 5.23 % and occurred at the
peak load of 4.4 kW in CCHP with TESS mode. Exergy saved increased as the load

increased. This was due to the fact that at higher load, the temperature of exhaust was

quite high.
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Fig. 4.29 Exergy efficiency for various operating modes at different engine loads
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Table 4.1Parameters for exergy analysis

Load Load Load Load Load
S. No. | Parameter
0.9 kW 1.8 kW 2.7 KW 3.6 kKW 4.4 KW
1. The input exergy to the diesel engine 6.911 8.909 11.554 15.091 19.460
2. Exergy recovered in double pipe heat exchanger 0.0175 0.051 0.118 0.179 0.284
3. Exergy present in thermal energy storage 0.113 0.226 0.317 0.440 0.538
4. Exergy recovered in VA system 0.0 0.0 0.0 0.0 0.195
5. Total exergy for combined heating and power 0.917 1.185 2.818 3.779 4.684
Total exergy for combined heating, power with thermal
6. 1.030 2.078 3.136 4.219 5.222
energy storage
Total exergy for combined cooling, heating, power with
7. 1.030 2.078 3.136 4.219 5.420
thermal energy storage
6. Exergy efficiency (%) of diesel engine 13.022 20.203 23.367 23.854 22.610
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Load Load Load Load Load
S. No. | Parameter
0.9 kW 1.8 kW 2.7 KW 3.6 KW 4.4 KW
7. Exergy efficiency (%) for combined power and heating 13.276 20.784 24.397 25.042 24.073
Exergy efficiency (%) for combined power, heating with
8. 14911 23.331 27.145 27.959 26.838
thermal storage
Exergy efficiency (%) for combined power, cooling,
9. _ _ 14.911 23.331 27.145 27.959 27.850
heating with storage
10. Exergy saved 1.889 3.128 3.777 4.104 5.23
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4.6 Emission analysis for single generation, CHP, CHP with TESS and CCHP
with TESS

In this section emissions of CO, HC, NOy, CO, and smoke from single generation,
CHP, CHP with TESS and CCHP with TESS at various loads are discussed. The aim
of these tests was to carry out comparative analysis of engine exhaust emissions of
single generation, CHP, CHP with TESS and CCHP with TESS.

Among the gaseous pollutants emitted by diesel engines, NOx is the most significant.
NOXx is formed due to high in-cylinder temperature and excess oxygen availability
during combustion. As the load increases, in-cylinder temperature increases,
producing more NOX. Fig. 4.30 shows the variation of NOx with engine load for

comparison between various modes of operation.

1400 +

== Only power
—i—CHP

CHP with TES
===(CCHP with TES

NOx (PPM)

Load (KW)

Fig. 4.30 Variation of NOx emission with engine load for different operation modes

Smoke in engine exhaust is the result of incomplete combustion or thermal cracking
(pyrolysis) of fuel. Smoke from exhaust is a visible indicator of improper combustion
in the engine. As the load increases, larger fuel injection combined with lack of
oxygen in the cylinder contributes to a very quick rise in smoke emission [30]. Fig.
4.31 shows the variation of smoke with engine load for comparison between various

operating modes.
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Fig. 4.31 Variation of smoke emissions with engine loads for different operation

CO is formed due to incomplete combustion of fuel. From Fig.4.32 it is clear that at
idle or low load conditions CO emission was high due to low operating temperatures
and incomplete combustion of fuel. With the increase in load, both, the operating
temperature and mixing of fuel increases, resulting in reduction of CO emission. But

at high loads, the available oxygen for combustion becomes lesser (lean air-fuel ratio),

resulting in increased CO emission.
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Fig. 4.32 Variation of CO emission with engine loads for different operation modes




Fig. 4.33 shows the variation of unburned hydrocarbon with engine load for

comparison between various operating modes.
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Fig. 4.33 Variation of HC emission with engine loads for different operation modes

CO;, emission increased with the increase of engine load in all modes. Fig. 4.34 shows

the variation of CO, with engine load for comparison between various operating

modes.
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Fig. 4.34 Variation of CO, emissions with engine loads for different operation modes
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Fig. 4.30 to 4.34 show the variation of NOy, smoke, CO, HC and CO, respectively
with engine load for comparison between various operating modes. Results show that
NOx, CO and HC emission increased in CCHP with TESS mode as compared to base
case. This might be due to the fact that back pressure increased because of various
additional components installed in exhaust line. At increased back pressure, the engine
had to push exhaust gases with a higher pressure which involved additional
mechanical work which affected intake manifold pressure and poor scavenging during
exhaust. This led to an increase in fuel consumption, CO emission and exhaust
temperature. The increased exhaust temperature resulted in overheating of exhaust

valves and increased in-cylinder temperature, thus increasing NO, emissions.

Results also showed that smoke and CO, emissions reduced in case of CCHP with
TESS compared to base case. The graph of smoke emission shows that smoke
emission increase rate was low in the low to intermediate load region, but smoke %
rose quickly from intermediate to high load. In general, high temperature and lack of
oxygen in the cylinder may cause high soot formation rates. As the load of the diesel
engine increased, larger fuel injection combined with lack of oxygen in the cylinder

contributed to a very quick rise in smoke emission.
4.7 Specific fuel consumption (SFC) at various modes

The SFC for CHP varied from 0.3967 kg/kWh at 0.9 kW load to 0.2305 kg/kWh at 4.4
kW (full load) compared to 0.58 kg/kWh and 0.33 kg/kWh respectively for single
generation system. Hence, the reduction in SFC was in the range of 29.52 % to 32.59
%. The SFC for CHP with TESS system varied from 0.337 kg/kWh at a load of 0.9
kW to 0.212 kg/kWh at 4.4 kW load. Thus, the reduction in SFC for CHP with TESS
was in the range of 35.02 % to 42.64 % as compared to single generation. In CCHP
with TESS system, SFC varied from 0.3501 kg/kWh at 0.9 kW load to 0.2116 kg/kWh
at 4.4 kW load. Hence, reduction in SFC for CCHP with TESS system was in the
range of 33.87 % to 40.41 % as compared to single generation. Fig. 4.35 shows the
comparison of specific fuel consumption for various modes of operation at different

engine loads.
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Fig. 4.35 Comparison of SFC for various modes at different engine loads
4.8 CO, emission in total useful output

The CO; emission in kg/kWh for CHP varied from 1.46 kg/kWh at 0.9 kW load to
0.6824 kg/kWh at 4.4 kW (full load) compared to 2.28 kg/kWh and 1.08 kg/kWh
respective for single generation system. Hence, the reduction in CO;, emission in
kg/kWh in case of CHP was in the range of 34.88 % to 37.11 % as compared to that

for single generation.
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Fig. 4.36 Comparison of CO, emissions for various modes at different engine loads
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The CO; emission in kg/kWh for CHP with TESS system varied from 1.09 kg/kWh at
0.9 kW load to 0.570 kg/kWh at 4.4 kW (full load). Hence, the reduction in CO,
emission in kg/kWh in case of CHP with TESS was in the range of 47.45 % to 52.14
% as compared to single generation. The CO, emission in kg/kWh for CCHP with
TESS system varied from 1.056 kg/kwh at 0.9 kW load to 0.5239 kg/kWh at 4.4 kW
(full load). Hence, the reduction in CO, emission in kg/kWh in case of CCHP with
TESS was in the range of 49.65 % to 54.92 % as compared to single generation. Fig.
4.36 shows the comparison of CO;, emission in terms of useful energy output for

various modes of operation at full engine load.
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CHAPTER 5
MODELLING

In the present research work, performance of CI engine operated thermal energy

storage integrated micro trigeneration system was predicted by a simple model. In this

model, a similar diesel engine was considered for trigeneration system, as the one

used for the experimental study. The equations used for calculation of performance

parameters of proposed model are presented in this section.

From available literature, different models of small capacity Kirloskar engines were

selected and used for plotting of swept volume (in cc) vs. power output of engine as

shown in Fig. 5.1. The details of various engines are shown in Table 5.1.

Table 5.1 Variation of power with swept volume for various small Kirloskar engines

S. No. Model Power (kW) Swept volume (cc)
1 FA-350 3.7 348
2 DAF-8 59 780
3 DAF-10 7.4 948

1200 - y = 873.88In(x) - 1053.3
R2=0.9979
1000 -
g 800 -
-
= 600 -
>
a
S 400 -
(%]
200 -
0 ; ;
0 5 10
Engine Power (kW)

Fig. 5.1 Swept volume vs. engine power for various small Kirloskar engines
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The graph shows a logarithmic variation of swept volume (y) with power of engine (X)

given by the following equation (by curve fitting):
y = 873.88 Inx — 1053.3

By using this equation swept volume of engine used for experimental work was
calculated by putting the values of power for validation of above equation. A very

small deviation of 1.1 % was observed between the calculated value and rated value.

Further, this equation was used for determination of mass flow rate of air (m,) and
mass flow rate (m¢) of fuel in kg/s at full load. Following parameters were assumed (a)
RPM = 1500; (b) density of air = 1.2 kg/m? and (c) stochiometric ratio at full load is
19:1;

The value of m, in terms of volumetric efficiency (ny) is given by the following

equation:
_ Engine capacity in cc * RPM * density of air * volumetric efficiency I
Ma = 2% 60 = 105 g/s
(873.88 Inx — 1053.3) * 1500 * 1.2 * volumetric efficiency
m, = kg/s

2 %60 *10°
m,=1.5*10° * n, * (873.88 Inx — 1053.3) kg/s
Using the stoichiometric ratio, mass flow rate of fuel is given by the following equation:

me=1.5*10° *1,* (873.88 Inx — 1053.3) / 19 kg/s (where m¢=m,/19)

As total mass flow rate of exhaust gas is the sum of mass flow rate of air and that of diesel, it

is given as:
Mex = 1.5 * 10° * N, * (873.88 Inx — 1053.3) * (1+1/19) kg/s
Heat available in exhaust gas is given by Qg = Mg * Cpex * AT

Where, Cpex is specific heat of exhaust gases (1.1 kJ / kg-K) and AT is difference

between engine exhaust temperature and ambient temperature.

Qe = 1.58 * 10°* nn, * (873.88 Inx — 1053.3) * AT kW

Amount of heat recovered in double pipe heat exchanger (DPHE) is given by:

QoprHE = Mex * Cpex * AT * ¢ (where ¢ is effectiveness of double pipe heat

exchanger)
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Qopre=1.58 * 10°* 1, * (873.88 Inx — 1053.3) * AT * ¢

Amount of heat stored in TESS is given by the following equation:

Qres = [Qe - Qopre] * Neharging

Qres=1.58 * 10°* n, * (873.88 Inx — 1053.3) * AT * (1- €) * Ngharging

Amount of heat available in generator of VA system is calculated using:

Qva = [Qe- Qopre - Qres ] * &g (here g4 is effectiveness of generator)

Qua =158 * 10°* n,* (873.88 Inx — 1053.3) * AT * (1-&) * [ 1 - Neharging] * &g
Refrigeration effect, Qr = COP * Qya

Qr=1.58*10°* 1, * (873.88 Inx — 1053.3) * AT * (1- &) * [ 1 - Noharging] * &g *
COP kW

Total useful energy output is given by:

Qrotar = Qppue t Qres + Qr + B.P.

Qrotar = 1.58 * 10°* 1, * (873.88 Inx — 1053.3) * AT * [& + (1- &) * Ngrarging +
(1- &) * (1 - Neharging) * €g * COP] + BP

The efficiency of trigeneration system was calculated by the following equation:

Total useful energy output

Ntrigeneration Fuel input energy

nlrigeneration = [158 * 10-5* ILV* (87388 lnx - 10533) * AT * {8 + (1 = 8) * I]_charging
+(1-€) * (1 - Ngharging) * & * COP}]
+4.4/7.89*107* n,* (873.88 Inx — 1053.3) * LCV

From the practical results, volumetric efficiency (ny), temperature difference (AT),
effectiveness of DPHE (g), charging efficiency (neharging), effectiveness of generator
(gg) and COP of VA system was found to be 83 %, 500 °C, 0.6, 50 %, 0.35 and 0.11
respectively. Based on these values, using the above equations, trigeneration
efficiency of modeled system was obtained.
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Fig. 5.2 Comparison of DPHE, TESS and useful energy output for theoretical &

experimental results at 4.4 kW engine load

Fig. 5.2 shows the comparison of energy recovered in DPHE, energy stored in TESS,

refrigeration effect and total useful energy output for theoretical & experimental

results at 4.4 kW engine load.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

Thermal storage integrated micro-trigeneration system for power; heating, cooling and

thermal energy storage was developed and investigated. From the results of the study,

the following conclusions were drawn:

1.

It was feasible to realize a thermal storage integrated micro-trigeneration
system using a small stationary diesel engine. There was slight effect on
performance and emission by integrating the components of trigeneration and
storage to the stationary diesel engine.

Slight decrease in engine performance (slight decrease in BTE and slight
increase in BSFC) was observed in single generation with TESS as compared
to that for single generation alone. Variation in BTE and BSFC was in the
range of 1.2 t0 3.8 % and 1.2 to 3.9 % respectively.

Charging efficiency varied from 53.90 to 69.53% at different loads. Highest
charging efficiency of 69.53% was obtained at load of 4.4 kW (i.e. peak load).

During discharging of TESS, the heat recovery efficiency was obtained 38 %.

Maximum energy saved in single generation with TESS mode was obtained at
the peak load i.e. 4.4 KW and its value was 11.33 %.

Slight decrease in engine performance was observed when engine was
operated in CHP mode as compared to that in single generation. Variation in
BTE was in the range of 1.8 to 2.5 % and variation in BSFC was in the range
of 1.8 t0 2.6 %.

Maximum effectiveness of double pipe heat exchanger was obtained at peak
load i.e. 4.4 kW and the value of effectiveness was 0.47 at a mass flow rate of
3 LPM of water.

Significant increase in amount of useful energy output was observed when
engine was operated with CHP mode. Approximately 50% increase in useful
energy output was obtained in CHP mode compared to that of single
generation.

Maximum thermal efficiency was obtained at a load of 3.6 kW (approximately
80 % of peak load) and value of maximum efficiency in case of CHP was 36.6

%. Variation in thermal efficiency was in the range of 41 to 48 %.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Maximum energy saved in CHP mode was 11.09 % at 80 % of peak load i.e. at
3.6 kW.

The performance in CHP with TESS mode further slightly decreased as
compared to the earlier mode i.e. single generation, single generation with
TESS and CHP mode. Variation in BTE and BSFC was in the range of 2.35
to 5.0 % and 2.4 to 5.2 % respectively as compared to single generation.
Significant increase in amount of useful energy output was observed when
engine was operated in CHP with TESS mode. Increase in useful energy
output was in the range of 63 % to 80 % compared to that of single generation.
Maximum efficiency was obtained at a load of 3.6 kW and value of maximum
efficiency in case of CHP with TESS was 40.06 %. Increase in energy
efficiency for CHP with TESS was found to be in the range of 53 % to 74 %.
Maximum energy saved in CHP with TESS was obtained at a load of 3.6 kW
and the value of percentage energy saved at 3.6 kW was 15.27 %.

In CCHP with TESS mode performance of engine decreased significantly as
compared to single generation and all other modes. Variation in BTE was in
the range of 3.54 to 6.37 % and variation in BSFC was in the range of 3.65 to
6.79 % as compared to single generation.

Significant increase in amount of useful energy output was observed when
engine was operated in CCHP with TESS mode. The useful energy output for
CCHP with TESS varied from 1.61 kW at 0.9 kW load to 7.27 kW at 4.4 kW
load.

Cooling effect in VA system was obtained only at full load condition; hence,
COP was obtained only at full load condition which was found to be 0.11.

The maximum temperature drop in the cabin of VA refrigerator was 9 °C and
drop in water temperature (kept in the vessel) was 3 °C.

Energy stored in TESS using erythritol as storage medium had sufficient heat
to maintain the temperature of refrigerator cabin for 20 minutes.

Energy stored in TESS using Thermia as storage medium had sufficient heat to
maintain the temperature of refrigerator cabin for 50 minutes.

To maintain cooling in VA for longer duration during off-power mode, storage
medium must be heated to higher temperature.

Maximum exergy saved was 5.23 % and occurred at the peak load of 4.4 kW
in CCHP with TESS mode.
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23. Reduction in smoke and CO, emissions were observed with thermal storage
integrated CCHP system as compared to base case. The reduction in COz2
emission in kg/kWh was in the range of 49.65 % to 54.92 %.

24. All other major emissions (HC, CO, NOx ) increased slightly but were well
within permissible rang for all the modes.

25. No adverse impacts on any parameter were found while operating in single
generation with TESS mode or CHP mode or CHP with TESS mode or CCHP

with TESS mode as compared to single generation system.

The experimental results obtained from the present research show that development of

a micro size thermal storage integrated trigeneration system is feasible and effective to

utilize the resources more efficiently.

Recommendations for future work

Some investigation objectives listed below, though not exhaustive, may be considered

as future scope of work:

1.

An actual representative thermal storage integrated micro-trigeneration system for
a residential family using a bigger diesel engine, say up to 15 kW power can be
used for further investigations, as an extension to the present work.

Different PCMs with higher melting point may be investigated.

Direct flow of hot storage medium (like Thermia) in the generator of VA system
may be investigated for improvement of performance of VA system.

Alternative fuel operated thermal energy storage micro-trigeneration system may
also be investigated including durability tests for long term operation of
alternative fuel operated thermal storage integrated micro-trigeneration system.
Different types of prime movers, like micro-turbines, sterling engine, fuel cells,
etc. could be utilized as power generating unit in the micro-trigeneration system.
Further, the micro-trigeneration system may also be designed for integration with
a renewable source of energy like solar or wind energy, and the investigations

may be carried out.
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APPENDIX Al

Temperature and back pressure relationship

Engine Type Temperature | Maximum Back Pressure
Diesel 2- Cycle (Naturally Aspirated) | 900°F 100 mm of Hg

Diesel 2- Cycle (Turbo) 750°F 75 mm of Hg

Diesel 4- Cycle (Naturally Aspirated) | 1000°F 75 mm of Hg

Diesel 4- Cycle (Turbo) 900°F 75 mm of Hg

Gasoline All types 120°F >100 mm of Hg
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APPENDIX A.2
ERROR ANALYSIS

The values of various parameters obtained during the experiments could have errors or
uncertainties due to operating conditions, environmental conditions, experimental
methods adopted, calibration of equipments, accuracy and precision of equipments,
human observations, test case planning, etc. Measurement errors fall into two main
categories such as Systematic error and Random error. Imperfect calibration of
measuring instruments (zero error), changes in environment which interfere with the
measurement process and imperfect methods of observation caused the main sources
of systematic error. Random error is caused by inherently unpredictable fluctuations in
the readings of a measurement apparatus or in the experimenter's interpretation of the
instrumental reading. In this investigation, the uncertainties were estimated from the
minimum values of measured values as far as the individual measurements are
concerned. To calculate the combined uncertainty of measurements a root-sum-square
method was used. If a physical fundamental depends on n number of parameters, the
combined uncertainties of each function was calculated by Pythagorean summation of

uncertainties given by the equation.

Z=1 (X1, X2, X3, Xa. ... Xn)

af 1 af 1 af 1*
022 = [a—xl 0X12 + [a—xz] GX22 + [6_x3 0X32
af 1 ,
TV = E] GXn

0,= uncertainty of the function
oy, = uncertainty of the parameter
f= function

x,= parameter of the measurement

n= number of variables
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Uncertainty analysis for micro-trigeneration system working on diesel fuel as baseline
case is presented here. The resolution of the measurements and the maximum

uncertainties in the calculated results are given in table Al.

Table A.1: Percentage uncertainty in measurement of different quantities

Measured Range of Resolution % Uncertainty
guantity experiment
CcO 0-10 % vol. 0.01%Vol. +0.4 %
CO, 0-20 % vol. 0.1%Vol. +0.4 %
HC 0-20,000 ppm 1 ppm +0.3 %
NOx 0-5000 ppm 1 ppm +0.3 %
Smoke 0-100 % 0.1% +0.18 %
Load 0-4400 W 100 W +0.19 %
Fuel vol. flow 0-100 ml 1 ml +1 %
BTE - - 1.2 %
BSFC - - +1.2%
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APPENDIX A.3

ECONOMIC ANALYSIS

Cost of Erythritol (15kg)

Cost of VA system

Shell and Tube Heat Exchanger

Other Piping and Modifications

Total Cost

If Engine is run 8 hours/day then consumption

of fuel (Diesel) is

Energy saving 10 % (in terms of fuel)

Pay Back Period

106

14,000 Rs.

15,000 Rs.

25,000 Rs.

5,000 Rs.

59,000 Rs.

12.2 Liters

1.22 Liters

1.92 Years
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HIGHLIGHTS

+ Thermal energy storage system is integrated with stationary Cl engine.
+ Erythritol is used as phase change material.

« Maximum 69.53% charging efficiency is obtained,

« Percentage energy saved is 11.33%

ARTICLE INFO ABSTRACT

Article history: Increasing gap between demand and supply of energy has resulted in raised prices of conventional energy

Received 28 February 2016 sources, and concern for clean environment has led to increase in use of renewable energy and focus on
Revised 5 May 2016 increased energy efficency, In context of increased energy efficiency, energy storage and waste heat
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recovery play an important role as these systems improve overall efficiency of systems, In this study, a
latent heat thermal energy storage system | LHTESS) for stationary C.l. engine exhaust heat was developed
and integrated with engine, A shell and tube type heat exchanger having 346 mm diameter and 420 mm

Available online 10 May 2016

Keywords: height with 45 numbers of tubes with 18 mm diameter was developed to store thermal energy, in which
Waste heat recovery . \ L .

Energy storage Erythntol (C4Hg04) was used as a phase change matenal. The engine performance and the thermal
Latent heat storage energy storage syst.ern perfnn‘nan;e paramel?ers such as amount of heat stored, and charging efficiency
Charging efficiency were evaluated. Slight decrease in the engine performance was observed when latent heat thermal

energy storage system was integrated to engine but amount of energy which could be recovered was sig-
nificant. At a load of 44 kW the maximum charging effidency, recovery efficiency and percentage energy
saved was 69.53%, 38% and 11.33% respectively,

© 2016 Elsevier Ltd. All Aghts reserved.

1. Introduction

About 30% of the heat of combustion is carried out by exhaust
gas from an internal combustion engine. The energy available in
the exit stream of many energy conversion devices goes as waste;
if not udlized properly. To achieve an optimal solution for the cur-
rent energy crisis, the world needs to focus more on (a) renewable
sources of energy or (b) look for recycling/appropriate utilization of
energy being wasted [1]. Waste heat (as a by-product) from the
prime mover is recovered and used to (a) drive thermally activated
components such as vapor absorption system or adsorption chiller
or desiccant dehumidifier and (b) to produce hot water, steam,
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National Institute of Technology, |.LN. Marg, Jai pur, Rajasthan 302017, India.
E-mail address: johar.dheeraj@gmail com (D.K Johar).
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warm air or other heated fluid through the use of heat exchanger
[23]. The major technical constraint that prevents successful
implementation of waste heat recovery is its intermittent and time
mismatched demand and availability [4-6). Thermal energy stor-
age (TES) technology plays an important role to overcome this
problem by way of rationale use of energy as it allows excess ther-
mal energy to be stored for later use [7]. Thermal energy storage
transfers heat to storage media during the charging period, and
releases it at a later stage during the discharging step [8]. A lot of
work has been carried out in the field of thermal energy storage.
Iten and Liu [9] presented a review on procedure to design an
effective short term thermal energy storage (TES) system using
phase change materials. Seritih [10] experimentally studied heat-
transfer characteristics of a latent-heat storage unit with a finned
surface in terms of the solidification and melting processes by
comparing them with those of a heat-storage unit with a plain
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single cylinder diesel engine In addition to electricity generated from genset, waste heat from hot
exhaust of diesel engine was used to heat water in a double pipe heat exchanger of 67,70 cm length with
inside tube diameter of 381 cm and outside tube diameter of 5.08 cm. Additionally, a latent heat thermal
energy storage system was also integrated with this cogeneration system. A shell and tube type heat
exchanger of 346 mm diameter and 420 mm height with 45 tubes of 18 mm diameter each was designed
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ﬁi:rdhi! — and fabricated, to store thermal energy, in which Erythnitol (C4H;¢04) was used as phase changing mate-
Enetgy stotape Y rial, The test results show that micro capacity (4.4 kW), stationary, single cylinder, diesel engine can be
Latent heat storage successfully utilized to simultaneously produce power as well as heating, and to also store thermal
Cogeneration energy. Slight decrease in engine performance was observed when double pipe heat exchanger and latent

heat thermal energy storage system was integrated with engine but the amount of energy which could be
recovered was significant. Maximum percentage of energy saved was obtained at a load of 3.6 kW and

was 15.2%

© 2016 Elsevier Ltd. Al rights reserved,

1. Introduction

The energy available in the exit stream of many energy conver-
sion devices goes waste; if not utilized properly. To achieve an
optimal solution for the current energy crisis, the world needs to
focus more on (a) renewable sources of energy, or (b) look for recy-
cling/appropriate utilization of energy being wasted [1]. Waste
heat (as a by-product) from the prime mover is recovered and used
to (a) drive thermally activated components such as vapor absorp-
tion refrigeration system or adsorption chiller or desiccant dehu-
midifier and (b) produce hot water, steam, warm air or other
heated fluids through the use of heat exchangers [2,3]. Energy stor-
age and waste heat recovery play an important role to improve
overall efficiency of systems [4]. Co-generation has emerged as a
fast growing technique to increase efficiency and reduce overall
emissions. Co-generation is defined as simultaneous production
of power and heat [5-7). These systems utilize the waste heat pro-
duced during power generation and allow more effident fuel con-
sumption [8). In cogeneration systems, the efficiency of energy
conversion increases to over 80% as compared to an average of
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30-35% for conventional fossil fuel fired electricity generation sys-
tems |7]. The major technical constraint that prevents successful
implementation of waste heat recovery is its intermittent and ime
mismatched demand and availability [9-11). Thermal energy stor-
age (TES) technology plays an important role to overcome this
problem by way of rational use of energy as it allows excess ther-
mal energy to be stored for later use [12]. Thermal energy storage
transfers heat to storage media during the charging period, and
releases it at a later stage during the discharging step [13].

A lot of work has been carried out in the field of thermal energy
storage and cogeneration systems. Iten and Liu presented a review
on procedure to design an effective short term TES system using
phase change materials [14]. Takahiro Nomura et al. described heat
release performance of a direct contact heat exchanger using ery-
thritol as phase changing material (PCM) [15]. Hugues and Asfaw,
through mathematical and experimental results, suggested that
running absorption chillers from recovered heat is thermodynam-
ically feasible and could significantly enhance system performance
[16]. Hatami et al. presented numerical study of finned type heat
exchangers for internal combustion engines’ exhaust waste heat
recovery [17). Cakirv et al. concluded that cogeneration systems
contribute to sustainable use of energy directly or indirectly in var-
ious ways with different applications [18]. Hatami et al. presented
a review on different heat exchangers' designs for increasing the
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In this study a 4.4 kW stationary compression ignition engine is coupled with a double pipe heat exchan-
ger, vapour ahsarption refrigeration system and thermal energy storage system to achieve Trigeneration
i.e. power, heating and cooling. A shell and tube type heatexchanger filled with erythritol is used to store
thermal energy of engine exhaust Varous combinations of thermal energy storage system integrated
micro-trigeneration were investigated and results related to performance and emissions are reported
in this paper. The test results show that micro capacity (4.4 kW) stationary single cylinder diesel engine
can be successfully modified to simulaneously produce power, heating and cooling and also store ther-
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1. Introduc tion

Increasing demand of energy has raised the prices of conven-
tional energy sources, and environmental awareness has led o
increase inuse of renewable energy sources and focus on increased
energy efficiency. In context of increased energy efficiency, ther-
mal energy storage and waste heat recovery play an important role
as these systems improve overall efficiency of various systems
[1.2] The energy available in the exit stream of many energy con-
version devices poes waste; if not utilized properly [3,4] Among
several options available for waste heat recovery, micro-
generation and micro-trigeneration are emerging as the fast
growing techniques to increase energy efficiency and reduce
overall emissions in domestic and small-scale applications [5.6].
Micro-cogeneration (MCHP, Micro Combined Heat and Power
Generation), is the combined production of electric power (lower
than 50kW) and thermal power. Micro-trigeneration (MCCHP,
Micro Combined Cooling, Heat and Power Generation), is a com-
bined cooling, heating and power generation system that consists
basically of a2 module generating electricity (lower than 50 kW)
and heat that, depending on the demand, is used either to satisfy
domestic hot water requirement and/or space heating or for @ol-
ing purposes, of for both [7] The major technical constraint that
prevents successful implementation of waste heat recovery is its
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intermittent and time mismatched demand and availability [8.9]
Thermal energy storage (TES) technology plays an important role
to overcome this problem by way of rational use of energy as it
allows excess thermal energy to be stored for later use [10].

Alot of work has been carried out in the feld of thermal energy
storage, cogeneration and trigeneration systems. Godefroy et al.
[11] presented design and analysis of possible trigeneration sys-
tems based on a gas engine mini-CHP unit (5.5 kW) and an ejector
cooling cycle and analyzed that an overall efficiency around 50%
could be achieved with systems designed for applications with
simultaneous requirement for heating and cooling. Huangfu et al.
[12] introduced a micro-scale combined cooling, heating and
power (MCCHP) system which mainly consisted of a reciprocating
internal combustion LPG and natural gas engine/generator, an
adsorption chiller and heat recovery devices. With an analysis it
was concluded that for high efficiency and good regulation perfor-
mance, the system had to operate with electricity output greater
than 50% of peak load. From the exergy point of view, the electric-
ity efficiency of the gas engine/generator should be enhanced for
an improved MCCHP system. Cakir et al, [13] studied the impor-
tance of cogeneration systems in sustainable energy. Majid et al.
[14] presented a study on operation and performance of thermal
energy storage system installed at a cogeneration plant for cmpus
cooling. ltén and Liu [15] presented a review on procedure to
design an effective short term thermal energy storage (TES) system
using phase change materials, Nomura et al. [16] described heat
release performance of a dired cntact heat exchanger using ery-
thritol as a PCM. Hatami et al. [17] presented a review of different
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