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production of combined cycle power plant

Abstract

There are many different methods for the allocation of CO: emissions in Combined Heat and
Power plants. The choice of allocation method has a great effect on energy pricing and CO:
allocation in Combined Heat and Power plants. The power bonus method is the main method
used for the allocation of CO: emissions between heat and power production in the European
Union and given as a standard. Aside from this method, six different allocation methods were
tested on the Combined Cycle Power Plant in this study. Operational and design parameters of
the Combined Cycle Power Plant were taken into consideration during analysis. The District
Heating system, with an annual heat load of 27 GWh and maximum heat effect requirement
of 14 MW, was chosen for the simulation model. This load was represented by the university
campus. The energy source for District Heating was a Combined Cycle Power Plant with
supplementary firing technology and natural gas as a fuel. The modeling of the system was
carried out by the simulation software Aspen HYSYS, while data post-processing was done
by MATLAB. Sensitivity analysis of the different allocation methods was performed for the
Combined Cycle Power Plant under a yearly heat and electricity load. It was noted that
different allocation methods produce different allocation factors. The differences between
heat allocation factors for design and operational conditions were small. The most sensitive
method was the power bonus method. The study showed that the decision regarding allocation
method should be carefully analyzed before implementation in the standards and different
policies, because benefits from cogeneration technology and distribution systems should be
enabled. The results obtained in this study can be used by designers of Combined Heat and
Power systems and policy makers, as a tool for developing an emission trading system for

Combined Heat and Power plants and for the pricing of heat and power.
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Nomenclature:

E.; (kWh) - electricity from cogeneration plant

Er; (kWh) - fuel input to cogeneration plant

E,.: (kWh) - electricity energy output from cogeneration plant
Exgp (kWh) - netoutput of electrical exergy from cogeneration
Exy (kWh) - netoutput of thermal exergy from cogeneration
Ep in (kWh) - primary energy input

Ege; (kWh) - power energy generated in the cogeneration plant

E, (kW) - power rate

AE (kWh) - electricity losses in cogeneration plant due to thermal production

fo () - fraction of cogeneration emissions allocated to heat generation

fe (&) - fraction of cogeneration emissions allocated to electricity production
generation plant

fr.an (=) - primary energy factor of the DH system

frri (=) - primary energy factor of the fuel for cogeneration plant

fret (&) - the primary energy factor of replaced electrical power

Fuel;, (kWh) - total primary fuel energy consumed in the cogeneration plant

n(-) - intensity of GHG emissions of production unit

Qnet (KkWhR) - thermal energy output from cogeneration plant
Qge1 (KkWHh) - the heat energy delivered to the border of the supplied building

Q, (kW) - heat effect

T (K) - temperature of the medium

Ty (K) - mean ambient temperature of heating period

T, (K) - supply temperature in DH system

T, (K) - return temperature in DH system

Teona (K) - condensing temperature in the cogeneration plant

Tout (K) - temperature of extracted steam in the cogeneration plant

Nait near (—) - heat production efficiency of producing thermal energy via alternative heat
generation plant
Nait etec (—) - power production efficiency of producing power energy via alternative power

7; (h) - operation time of the power plant

At; (h) - duration of the heat or electricity load
Ne () - Carnot efficiency

v, (—) - degree of process quality

1. Introduction
The reduction of CO: emissions is a challenge for the coming decade, especially with
the implementation of the Kyoto protocol. Beside transport, heating is responsible for a large

share of the total greenhouse gas emissions [1, 2]. One way to decrease the emissions
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generated by energy services (heating, hot water, electricity), is to increase the efficiency of
the different energy conversion technologies that provide these services, by combining them
in a polygeneration energy system. A polygeneration energy system is one that generates
more than just one single energy service. In the case of District Heating (DH) for instance,
polygeneration systems could save over 60 % of the energy resources and emissions
compared to conventional solutions [3-6]. The simplest example of such a system is the
Combined Heat and Power (CHP) plant. Today, the benefits and potential of cogeneration
technology are well-known and prove. The following authors discussed this technology in
detail [7-10]. When DH is generated in highly efficient CHP plants, it is a reasonable and
well-established measure to increase energy efficiency and to promote the resource saving use
of primary energy carriers [11].

The European Union has recognized the importance of CHP technology in
combination with DH systems. The benefits of CHP arise from a higher efficiency, which
leads to fuel savings and consequently emission reductions. The improved efficiencies and
fuel flexibility of CHP provide significant benefits in terms of security of energy supply
systems. The Directive 2004/08/EC [12] promotes cogeneration technology. The guidelines
from the directive allow the benefits of expanding CHP in district-heating systems to be made
visible [13]. The European Union has set targets to reduce energy use by 20 % and COz2
emissions by at least 20 % by 2020. DH can greatly contribute to achieving the global policy
objectives. Doubling sales of DH by 2020 will reduce Europe’s primary energy supply,
import dependency on other countries, and CO2 emissions [14].

In CHP plants, heat and electricity are generated simultaneously. Consequently, it is
difficult to precisely distribute the primary energy input, emissions or operating costs to each
of these energy outputs. In order to address this problem, different allocation methods have

been developed [11]. The allocation method is the methodology which can provide
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information how to share benefits and drawbacks from joint generation. The main strategy for
CHP plants today it is to be more environment-friendly and energy efficient. The DH
technology can provide the possibility of decreasing pollution in combination with CHP
plants. Unfortunately not all CHP plants use renewable energy sources like biofuel or
municipal waste for producing heat and power. This is one of the reasons why allocation
methods should be used in CHP plants in order to allocate CO. emissions. The allocation
methods could also indicate the economic potential of technology. When less fuel is
consumed, less pollution is released; this means that technology is environmentally-friendly.
The CHP plant produces electricity and heat, while the delivery of these two products
is performed by different companies. The method for emissions’ allocation is needed to
ensure that each part is credited with its appropriate share of the emissions from the system. In
addition, having a meaningful allocation method allows the sources of CO2 and other
emissions to be better understood and, where appropriate, reduced [15]. The choice of
allocation method will have a great effect on energy pricing and CO: allocation in CHP. The
most recognizable method of fuel allocation is the power bonus method given in the standard
EN 15316:2007 [16]. This method is well known and accepted by the Life Cycle Assessment

society (LCA) [17].

Limited work has been carried out on developing methods for allocating CO:
emissions from cogeneration. One of the first records about allocation methods belongs to
Strickland and Nyboer [18, 19]. These researchers have mentioned several methods which
could be used for allocation products from CHP plants. Their work was based on methods
mentioned previously by Phylipsen et al. [20] with some simplifications. The following
authors had performed analysis in their research based on these methods. Graus and Worrell
in their study [21] employed different allocation methods to calculate the CO--intencities from

CHP production. Abusoglu and Kanoglu in [22] performed analysis on Diesel Engine Power
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Cogeneration (DEPC) plant. They studied allocation of emissions from a DEPC plant based
on six methods. In [23] Aldrich et al. investigated Greenhouse Gas (GHG) emissions in CHP
systems applying exergy method with improvements. Wang and Lior in [24] analyzed fuel
allocation in a combined steam-injected gas turbine (STIG) applying seven methods, three of
them were thermoeconomics-based. Holmberg et al. studied allocation of fuel and CO:
emissions in CHP plant integrated with pulp and paper mill [25]. Rosen in [26] reported that
the exergy method is the most accurate method for allocation CO: emissions from CHP
systems. Dittmann et al. in [27] concluded that Dresden method which was proposed by
Zscherning and Sander [28] is the best one because it is based on laws of thermodynamics.
World Energy Council (WEC) [29] in their research devoted to energy systems proposed
different allocation schemes in the context with using Life Cycle Assessment (LCA), but still

there is no generally accepted one [30].

The economic-based allocations are not investigated in this paper since such methods
are prone to be misleading and fluctuate markedly with price swings for fossil fuels. The

economic-based allocations are easily influenced by decision and policy makers [15].

Many studies have been devoted to investigating the design conditions of CHP plants.
The focus so far has been on describing the thermodynamic principles of combined cycles at
design point and practical design considerations. However, it must be realized that the
operating conditions change, and the system should be able to operate at conditions far from
design point. Off-design theory is about predicting how the system reacts to parameter
changes. In design and off-design of the CHP plant, the actual geometry of the components
remains constant but operational parameters can undergo changes. The CHP plant may
operate for prolonged times at off-design conditions, depending on power demand, ambient
condition, and other considerations. This will have a significant impact on the plant

performance and, consequently, ensure the system performs not only at design conditions, but
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also at off-design conditions [31]. Therefore, the need increases for analysis and comparison
of design and off-design parameters of the CHP plant in combination with the allocation

methods.

Nowadays Combined Cycle Power Plants (CCPP) are receiving major attention
throughout the world as one of the most effective options among the various energy
conversion technologies. This technology is well developed and has been widely accepted in
fossil-fired power plants due to its higher efficiency [32]. In this paper, CCPP has been
analyzed and the results presented focus on a CCPP integrated in a DH system.

Different analyzes had been carried out on allocation methods and parametric studies
of CHP systems by researchers in their work. However the authors did not found proper
information how different operational and design parameters of CHP systems can effect on
allocation between heat and power production. The proposed methods give constant yearly
values for fuel and CO. emissions allocation. Therefore, the authors feel that uncertainty
analysis of allocation methods is necessary in order to see yearly variations. In addition much
research is needed in this area.

The aim of this paper is to investigate the effects of the different parameters which the
system undergoes during the year. The goal was to compare system operation in design
conditions with off-design conditions and to see how these different conditions would affect
the choice of the allocation method. The modeling of the system was carried out by the
simulation software Aspen HYSYS [33], while the data post-processing was done in
MATLAB [34].

Aspen HYSYS simulator offers a comprehensive thermodynamics foundation for
accurate calculation of physical properties, transport properties, and phase behavior for the oil

& gas and refining industries [33]. The research carried out on CHP systems in [35, 36]
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showed that the simulation results were found to be in good agreement with the operating
data.

This paper is divided into the following sections: Section 2 introduces the
methodology for the calculation of the allocation methods; Section 3 described the model and
details of the process in the CCPP. Section 4 presents the off-design model assumptions.
Results from parametric studies of the CCPP and the allocation methods are described in
Section 5. The final section offers a conclusion on the results from Section 5 and remarks on

the possibilities for future work.

2. Methodology

Firstly, the allocation methods were introduced. To calculate the allocation factors, it was
necessary to calculate total electricity and heat energy production in a CHP plant. Dependence
between heat and electricity use from the customer side and the power plant side was
described afterwards.

2.1. Allocation methods

The principle of energy allocation is widely used when heat and power are produced
simultaneously in a CHP plant. Seven different allocation methods were analyzed in this
paper. The methods are given in the following text.

The energy method is most widely used because of its simplicity. This is an example
of physical allocation. The primary energy consumption is allocated between heat and
electricity produced in the CHP plant. If the amount of electricity produced in the CHP plant
is 70 % and the amount of heat is 30 %, this mean that allocation is 70 units of energy which
is consumed for power production and 30 for heat production. The emissions released in the
environment are allocated as 70 % from power production and 30 % from heat production.

This means that, in the energy method, the allocation factors can be expressed as:

fo=0Q/(Q+E) (1)
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fe=E/(Q+E) (2)

where f, and f; denote fractions of emissions allocated to heat and electricity production,
respectively. In Equations (1) and (2), Q and E represent thermal and electrical production,
respectively. This method does not take any energy quality aspects into account, allocating
lower impact to electricity than to the other methods [37]. Consequently, it can be argued that
it underestimates the share of the emissions allocated to electricity production [26].

The alternative generation method was developed by the Finnish District Heating
Association [38]. In the alternative generation method, the share of CO. emissions is
beneficial for both the heat and the power production in the CHP plant. The method allocates
emissions and resources to the heat and power production in proportion to the fuel needed to
produce the same amount of heat or power in separate plants. These alternative plants use the
same fuel as the CHP plant [39]. Consider a CHP plant, which consumes 100 units of energy,
while producing 30 units of electricity and 60 units of heat. Alternative production in two
separate plants, a heat only plant and a condensing plant, will depend on their efficiencies,
Nneat @Nd 1N respectively. In order to produce the same amount of electricity and heat, the
separate plants will consume more fuel, because of lower separate efficiencies in comparison
with cogeneration. The allocation of heat and electricity will be based on the amount of fuel
needed if separate production plants had been used [37]. From the following example, the

allocation factor can be expressed as:

fo=——)/2—+——) @3)

Nalt_heat Nalt_heat Nalt_elec

E Q E

fe=( )/( + ) (4)

Nalt_elec Nalt_heat Nalt_elec

Where Ngi¢ pear aNd Ngie erec are the heat and power production efficiencies of producing

thermal and power energy via an alternative generation plant. This allocation method



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237
238

239

240
241

242

243

244

245

therefore shares the emissions among the products in a particular format and treats one or the
other product as the primary one [26].

The power bonus method is the most recognizable method for energy allocation,
because it is promoted by the European standard EN 15613-4-5:2007 [16] and is widely used
nowadays. In this method the heat is the main product, while all power is considered as a
bonus. The primary energy is allocated to the electricity produced in the CHP plant. The total
primary energy used by the CHP plant includes all energy used in the production of heat and
electricity. This includes the primary energy related to fuel handling and combustion as well
as primary energy needed for the production of additives, handling of ashes, construction, and
dismantling of the CHP plant, etc. In accordance with EN15316-4-5:2007, the performance of
the DH system and produced heat in the CHP plant can be rated by evaluating the primary
energy factor fp 4, of the specific DH system. The primary energy factor is defined as the
primary energy input Ep ;,, to the system divided by the heat Q,., delivered at the border of
the supplied building [16].

fran = Epin/Qae ®)

The thermal energy balance is given by:

fran - 2jQaetjt frei Ect = Xifpri EFi (6)

From Equation (6) the primary energy factor of the DH system can be expressed as:

fran = Qifpri Eri— fprei Eet)/2j Qaelj (7

where fp 45 is the primary energy factor of the DH system, f5 r; is the primary energy factor
of the fuel for the cogeneration plant, fp ., is the primary energy factor of replaced electrical
power, E,; is the electricity from the cogeneration plant, Q,.; is the delivered heat at the

border of the supplied building, and Er ; is the fuel input to the cogeneration plant.
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Finally, in the power bonus method, the allocation of primary energy can be expressed

as:
fo = fpan Qaet/ (Qaet + Eger) (8)
fe=1—fpan- Qaect/(Qaer + Eger) )

This method promotes cogeneration technology instead of the separate production of heat and
electricity. It also promotes the usage of different renewables like municipal waste, pellets,
biofuels, etc. Today, the power bonus method is one of the most efficient methods for
promoting DH technology; as power is counted as a bonus, the largest part of CO. emissions
is allocated to power production.

The exergy method represents allocation from a thermodynamic point of view. This is
an example of physical allocation; it defines the quality of energy. The exergy is the
maximum amount of work which can be obtained from the system when it interacts with the
reference state. For exergy analysis, the characteristics of the reference environment must be
specified completely. This is commonly done by specifying the temperature, pressure, and
chemical composition of the reference environment. The results of the exergy analyses,
consequently, are relative to the specified reference environment, which, in most applications,
is modeled after the actual local environment. The exergy of a system is zero when it is in
equilibrium with the reference environment [26]. Many authors have carried out exergy
analysis in their research for different purposes [40-43].

From the thermodynamic point of view, electricity consists of 100 % exergy, and
consequently the exergy of electricity is defined as:

Exg =E (10)

According to the exergy method, the heat allocation can be calculated based on the
following equation:

Exg=(1-2)-Q (11)

10



272

273

274

275

276

277

278

279

280

281

282

283

284
285

286

287

288

289

290

291

292

293

294

295

296

where Exg and Ex, are net output of electricity and thermal exergy from cogeneration, T and
T, are the medium and mean ambient temperatures of the heating period. When the heat is
transferred at a sliding temperature, Equation (11) is not valid. In that case, the temperature T
should be replaced by the logarithmic mean temperature of the temperatures at which the heat
is transferred. In the case of the DH system, these temperatures are the supply and return
temperatures of the DH network, T, and T, [44], and then the temperature of the medium can
be defined as:

T=(Ts—T;)/In(Ts/T,) (12)
Consequently, the heat exergy can be defined as:

(Ts—Ty)/In(Ts/T,)

Exg =1 |-e (13)
Finally, the allocation factors for the heat and electricity based on the exergy method become:

fE = ExE/(ExQ+ExE) (15)

The application of this method requires profound knowledge of thermodynamics and power
plant processes and is therefore rather complicated for practical use. However, it is judged as
the fairest method, from a thermodynamic point of view, for dividing the benefits of the CHP
production between electricity and heat [45] and can be carried out relatively simply because
the necessary data can be measured directly on the plant. Thermodynamically, however, the
method is not really “clean” because the losses of exergy caused by the heat exchange from
the cogeneration process to the heating system are not allocated to the heat [27].
Consequently, compared to the energy allocation method, the exergy method avoids the
difficulties associated with the allocations based on energy values. Such methods are
problematic especially for cogeneration systems because the two main products are of

significantly different quality and usefulness [15, 26].

11
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The 200 % method uses 200 % efficiency for heat production. This means that all
emissions are left to power production. This method, which was established by the Danish
Energy Agency [46], is similar to the power bonus method, where all electricity is counted as
bonus. It is well known in Denmark where there are large-scale CHP plants, which primarily
produce power, and small-scale CHP plants for producing heat. The Danish Energy Authority
has stipulated that energy efficiency of 200 % has to be used when allocating the fuel costs of
the CHP to the heat production in the energy and emission statistics. This means that, in order
to produce two units of heat energy, one unit of real fuel has to be used and the other unit will
be recovered from the heat otherwise directed to the turbine condenser. In the condenser, the
heat unit would be wasted to the environment if not recovered to district heating [47]. Finally,

in this method, the allocation factor for heat and electricity can be defined as:
fo=0Q/(2" Fuely,) (16)

fe=1-Q/(2-Fuely) 7)

where Fuel;, is the total primary fuel energy consumed in the cogeneration plant. The
method assumes that the heat is produced with fixed efficiency, which is chosen as a general
average between the energy and exergy methods [37].

The publicly available Specification PAS 2050 [48] is the British standard, which
explains the calculation of Greenhouse Gas Emissions (GHG) of goods and services. The
allocation of emissions in the CHP is between the heat and power produced, multiplied by the
intensity of the GHG emissions of the production unit. The special coefficient specifies the
emissions released from fuel combustion used in the system. For the boiler-based CHP
systems (coal, wood, solid fuel), the coefficient is 2.5, while for the turbine-based CHP
systems (natural gas, landfill gas), the coefficient is 2.0. Finally the allocation factors in this
method can be expressed as:

fo=Q/(n E+Q) (18)

12
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fe=m-E)/(n-E+ Q) (19)

where n is the intensity of GHG emissions of the production unit. It is important to note that
these ratios apply to 1 MJ of energy produced. In most situations more energy of one type
than of another will be produced. The allocation of emissions to heat and electricity arising
from the CHP relies on the process-specific ratio of heat to electricity from each CHP system.
For example, where a boiler-based CHP system delivers useful energy in the power to heat
ratio 1:6, 2.5 units of emissions would be allocated to each unit of electricity and one unit of
emissions would be allocated to each unit of heat delivered by the CHP system. This means
that the CHP system has useful power to heat ratio of 1:6; the corresponding GHG emissions
ratio is 2.5:6. These results will change with different heat and electricity characteristics of the
CHP system [49].

The Dresden method, which was proposed by Zschernig and Sander [28], is based on
exergy assessment. In power plants all primary energy is related to electricity production. At
the same time in the CHP plants, one part of primary energy is consumed for thermal energy
production. The Dresden method describes how to evaluate the electricity loss caused by the
heat extraction (water steam condensation) in the CHP plant. The electricity losses due to heat
extraction in the CHP plant can be evaluated as:

AE=Q 1. v, (20)
where
Ne =1 —Teona/Tout (21)
and the maximum electricity production without heat extraction is:
E = Eg, + AE (22)
where AE is electricity loss due to heat extraction in the CHP plant, E is electricity energy
generated in CHP plant including electricity losses (maximum electricity production without

13
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heat extraction). Eg,; is electricity energy generated in the CHP plant when heat extraction
occurred. n, is Carnot efficiency; T.,nq and T, are condensing temperature and temperature
of extracted steam in the CHP plant. Mainly in smaller heat and power stations, where the
determination of the heat losses is complicated, the exergy of the heat rated by a real degree
of process quality v, can be used as an equivalent of the electricity loss [27]. The fuel in the
cogeneration plant can be allocated by this method according to the following equations:
fo=AE/E (23)
fe=(E—-AE)/E (24)
The results in the exergy assessment are comparable with evaluation of the delivered heat,
because heat exchange efficiency has the same value as the degree of process quality in the
Dresden method [27].
The above introduced allocation methods are summarized in Table 1.

Table 1 Allocation methods

Method Allocation factor heat Allocation factor electricity
Q E
Energy method fo = 0+E fe=07F
Q E
Alternative fo = Nait.heat = f = Nait_elec
generation method Q E= Q0 E
Nait_heat Nait_elec +
Nait_heat Nait_elec
Power bonus _ fr.an " Qaet _ fr.an " Qae
fo =5 fr=1- o
method Qaet + Eqer Qaer + Eqer
. thod _ Exg _ Exg
Xergy metho fo= Exg + Exg fe = Exq + Exg
Q Q
200 % method = =1—-—
’ fo 2 - Fuel;, fe 2 - Fuel;,
PAS 2050 -_¢ __nt
fQ_n-E+Q fE_n-E+Q
AE E — AE
Dresden method fo=—% p=—

14
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2.2. Heat and power production in CCPP
The methodology presented in this section describes the calculation of heat and power
demand in the campus and future implementation in the simulation model.
Total heat use, measured at the primary side of the consumer substation, can be

estimated as:
Querj = [ Qdt = lti_{{)lzz' Q, - At; (25)

where Qg ; is total heat energy use at the primary side of customer substation, Q, is heat

effect required during i — th hour, At; is the duration, Q, the heat load.

The electricity use of the university campus can be calculated as:

Egej=[Edt = ltilr()tzi E, - At; (26)

where Eg, ; is the total electricity use at the primary side of a building, E, is power rate

demand, and At; is duration of the electricity load.

The CCPP was simulated based on the required heat energy use; the details of the
simulation model are described in the next section. The input in the simulation model was
thermal energy and the outputs were: power produced and fuel input in CCPP.

The fuel consumption for power production in the CCPP can be evaluated by using the

relationship between thermal and power energy produced in the CCPP:

Fin = f(Qnet: Enet) T (27)

where Q,.; and E,.; are outputs of thermal and power energy from the CCPP, t; is the
operation time. In order to evaluate the fuel input for power production in the CCPP, data
post-processing was performed in the MATLAB.

The information flow for the methodology used in this study is given in Fig. 1.

15
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Fig. 1 The flowchart represents steps of analysis done in this paper
3. Case study

A small-sized DH system with an annual heat load around 27 GWh was analyzed in
this paper. The load was represented by the university campus. The heat load values were
collected over five years. The coldest year was taken as a starting point for plant design. The
system was modeled with Aspen HYSYS simulation software. The property package was
modeled with the Peng-Robinson equation of state. The ambient temperature at the design
point was +15°C, ambient pressure was 1.013 bar and air Relative Humidity (RH) was 60 %.

The energy source for DH was the CCPP with supplementary firing technology. The
system consisted of gas turbine cycle (GTC), steam turbine cycle (STC), heat recovery steam
generator (HRSG), two combustion chambers, fed with natural gas and other components.
The schematic layout of the system is represented in Fig. 2, and design parameters are

summarized in Table 2.
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Fig. 2 Schematic of CCPP

Table 2 Design parameters of CCPP

Parameter Value
Ambient pressure 101 kPa
Air relative humidity 60 %
Ambient air temperature +15°C
Pump pressure 60 bar
Steam turbine inlet temperature +500°C
Condensing pressure 0.05 bar
Air excess in air-fuel mixture 3.2
Fuel temperature +15°C
Gas turbine adiabatic efficiency 0.9
Steam turbine adiabatic efficiency 0.9
Compressor adiabatic efficiency 0.9
Supplementary firing temperature +900 °C

In this simulation, natural gas was used as a fuel. The lower heating value (LHV) of

the gas was 50.03 MJ/kg. The air and fuel are supplied to the reactor after a two-stage

compression system. The adiabatic efficiency of the compression system was assumed to be

90 %. The low pressure compressor (LPC) provides pressure of 6 bar, while the high pressure
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compressor (HPC) compresses up to 13 bar (Fig. 2). The air excess coefficient o was set to be
3.2 in the air-fuel mixture.

The air excess provides the dilution of the temperature before the GTC. The GTC was
represented by two units; one is a high pressure gas turbine (HPGT) and the other is a low
pressure gas turbine (LPGT); see Fig. 2. In the design stage, the temperature before the GTC
was assumed to not exceed +1100°C. The temperature of flue gases entering the gas turbine
after conducting simulation was set to be 1086°C. The entering pressure of flue gases in the
HPGT was 13 bar. The pressure before the LPGT was 6 bar. The leaving pressure was 1.5
bar, which is slightly higher than ambient conditions. The nominal power of the GT
generators was 14 MW and that of the compressor units, 5SMW.

In the CCPP with supplementary firing technology, the supplementary firing provided
additional energy input to the steam cycle. In this way the flue gas temperature was increased.
The fuel was added after the GTC. The combustion of supplementary fuel was accomplished
by the air excess leaving the gas turbine in flue gases. The fuel was mixed with flue gases and
burned in duct burners in the HRSG. There was no need for an air supply to the HRSG,
because enough oxygen content was left after combustion in the reactor. In the design case,
the temperature of the exiting flue gases was set to +900°C.

The HRSG was modeled as three stages or heat exchangers; see Fig. 2. These are an
economizer, an evaporator and a superheater. The HRSG has one steam pressure level. The
parameters of the live steam entering the steam cycle were: T = +500°C, p = 60 bar. The STC
represented three units. The first was a high pressure steam turbine (HPST), the next was an
intermediate pressure steam turbine (IPST), and the last was a low pressure steam turbine
(LPST). The entering parameters of the working medium in the IPST were pressure of 12 bar
and temperature +278°C. In the LPST, the steam condenses up to a pressure of 0.05 bar. The

adiabatic efficiency of the STC was assumed to be 90 %.
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The STC is with one extraction for DH purposes. The mass flow rate of water from the
DH is satisfied by means of heat transfer connected with the heat exchange units. The DH
system was fed from the IPST. The steam extraction occurred at a pressure of 10 bar.

The temperature of supply water in the DH system was +105°C and the return water
temperature was +50°C. The CCPP had a two-stage heat exchanger system for satisfying the
DH heat demand. The first stage heated return water to a temperature of +90°C and the
second stage heated up to +105°C.

The heat duration curve (see Fig. 3), was obtained based on measurements in the
university campus. The maximum heat load was 14 MW. The part load operation of the
modeled CCPP plants was simulated by changing the mass flow rate in the DH system. The
minimum heat load in the DH system in part load simulations was 1 MW, while the
maximum was 14 MW. The DH load under 1 MW was covered by an electric boiler and was
not included in the CCPP heat production calculation. The total heat consumption covered by

the electric boiler was 2 GWh of delivered heat during the year.

14 T T T T T

Heating energy use (MW)

i i I i I i | i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Hours

Fig. 3 The heat duration curve of the analyzed campus
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In CHP plants, the part load operation usually covers large periods of the total plant
operation time and depends on DH heat demand [35]. From Fig. 3, we can notice that
maximum load occurs only for a few hundred hours during the year, while the average load
constitutes 29 % of the maximum load covered by CCPP. The average load in CCPP
corresponds to 48 % or half of the all plant operational time. The performance parameters of
analyzed CCPP at 100 % DH load are summarized in Table 3.

Table 3 Performance parameters of CCPP at 100 % DH load

Parameter Value
Power production in HPGT 5.1 MW
Power production in LPGT 7.2 MW
Power production in HPST 2.5 MW
Power production in IPST 0.24 MW
Power production in LPGT 0.25 MW
Power consumption of LPC 4.4 MW
Power consumption of HPC 2.8 MW
Primary fuel input 1270 kg/h
Supplemental fuel input (flue gas 587 kg/h
temperature before HRSG is +900°C)
Air mass flow rate 71310 kg/h
Air temperature after LPC +228.6°C
Air temperature after HPC +360.9°C
Flue gas temperature after superheater +765.7°C
Flue gas temperature after evaporator +348.5°C
Flue gas temperature after economizer +116.7°C
Water temperature before economizer +100°C
Water temperature before evaporator +277°C
Steam temperature before superheater +278°C
Steam temperature after superheater +500°C
Steam temperature after HPST +278.2°C
Steam temperature after IPST +256.6°C
Steam temperature after LPST +33.15°C
Steam-water mixture temperature after the first stage +180°C
of heat exchange unit in DH system
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Water temperature after the second stage of heat exchange +110.6°C
unit in DH system
Mass flow rate of water in DH system 218703 kg/h

4. Off-design model assumptions

A number of assumptions were made concerning plant operation in design and off-
design conditions. The assumptions were based on a literature study. The following
assumptions are common to all the solutions examined:

- for the simplicity of calculation, methane was treated as natural gas;

— no pressure drop in heat exchanger units;

— the plant operates all through the year;

- the maximum heat demand in DH was equal to 14 MW,

- the electricity grid purchased all the electricity produced in the CCPP;
— heat losses in the system were neglected,;

In the CHP design, energy supply companies use different standards and directives in
order to achieve a stable system with the best economic and environmental characteristics.
The standardized data collected from many sources and research reports provides guidelines
on how to achieve the best performance. The following text gives an overview of different
operating conditions that have an impact on plant performance. The operation and design
conditions which were analyzed are described below.

Ambient air temperature has a great effect on CCPP performance. It is known that
CCPP is designed for optimal parameters of ambient air. This value is regulated by 1SO 2314
[50] and is +15°C for the design case. However, this value cannot stay the same throughout
the year. When it comes to CCPP exploitation, the parameters of intake air affect not only the
GTC but also the supply fuel quality and products of stack gases. When air temperature rises,
the GT may swallow the same volume of air, but that air weighs less with increasing

atmospheric temperature. In this case the density of the air reduces. Less air mass means less
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fuel mass is required to be ignited with that air and consequently lower power is developed in
the GT output [51]. As a result, the main performance characteristics of the CCPP, such as
power performance, fuel consumption, etc., change significantly. Most of the time, the CCPP
works in off-design conditions. Therefore, in this study the outdoor air temperature was
simulated for the coldest period of the year, which corresponds to -20°C, transition period -
10°C, 0°C, +5°C and for the design case +15°C.

Ambient pressure for the CCPP should be 1 bar. This is based on ISO 2314 conditions
and corresponds to the pressure at sea level. The ambient pressure can vary depending on sea
level variation and atmospheric conditions. In this study the ambient pressure was changed in
the range from 101 bar to 75 bar which corresponded to the elevation change at sea level from
0to 2743 m.

Ambient relative humidity (RH) mostly affects the CCPP power output. When all
parameters remain stable, a change of the RH to a higher value can increase the efficiency of
the plant. This is because at higher levels of RH there will be higher content in the working
medium of the gas cycle. This results in a better GT enthalpy drop and more exhaust gas
energy entering the HRSG [52]. The higher energy transfer in the HRSG leads to a change of
pinch point temperature approach. The pinch method is a methodology for minimizing energy
use and for better energy utilization of steam flows. Applying this method increases the area
of energy transfer between flue gases and the working medium in the economizer. This gives
better energy utilization in the HRSG and respectively increases the efficiency of the unit. The
off-design simulation can show the consequences of different operational parameters if
changes take place during exploitation. A change in operation conditions was performed for
air RH in the range of 20 % to 80 %.

Supplementary firing provides additional energy input to the system. In the CCPP,

supplementary firing increases the temperature in the HRSG and stabilizes the parameters of
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generated steam, providing a system which is more flexible than the traditional one. This
provides better energy utilization of flue gas from an exergy point of view. On the other hand,
with the development of GT technologies, the requirement for such an option decreases,
because contemporary GTs have higher inlet temperatures and respectively higher exhaust
temperatures too. Nevertheless, the increased operating and fuel flexibility of the combined
cycle with supplementary firing may be an advantage in special cases, particularly in
installations used for cogeneration. This arrangement makes it possible to control the
electrical and thermal outputs independently [52]. In the design case the temperature of flue
gases was set to +900°C. This value was arrived at based on the HRSG maximum inlet
temperature in the design conditions. In off-design simulation the value was changed from
+700°C to +1000°C. The high temperature or supplementary firing does not mean that the
HRSG will have the best performance characteristics. In order to determine the best energy
utilization in the HRSG, pinch point analysis was applied and the results are presented in
Section 5 of this paper.

Change in the pump pressure has the main effect on power production in the plant.
When pump pressure increases, the STC undergoes an additional portion of steam extraction
in the steam turbine (ST) in comparison with the design point. However, an increase in
pressure in the STC leads to additional use of electricity. In this study the pressure in the STC
after the pump system was simulated ranged from 40 to 80 bar.

Air excess coefficient in the air-fuel mixture is an important factor affecting the flue
gas flow rate. This is the ratio of the excess combustion air, which defines the total
combustion air flow. The change in the ratio of excess air also had a strong impact on the
production of the CHP plant [53]. Based on stoichiometric coefficients for combustion
reaction (natural gas with air), the temperature of flue gases might be +1900°C. The air excess

coefficient regulates the temperature dilution before the GTC. Every manufacturer of GT
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equipment provides detailed information stating that the GT inlet temperature cannot be
above a certain limit. During the development of GT technology, the temperature limit
gradually increased in comparison with the first exploited GTs. Nowadays we can divide
them into five generations [52]. The inlet temperature of flue gases in the last generation can
reach the limit of more than +1350°C. The temperature of the flue gases before the GT cycle
affects the parameters of the flue gases after the GT cycle. This has an effect on steam
production in the HRSG and consequently power production in the STC. If we assume that
changes might be made to the GT in future, resulting in better operational parameters such as
inlet temperature of flue gases, then the need for simulation of air-fuel ratio increases. In this
analysis the air access coefficient in the air-fuel mixture supplied to the GTC was simulated in
the range of 3.0 to 4.0.

The fuel temperature affects the burning process in the reactor. The gaseous fuel is
supplied directly to the CHP plant by means of pipes. It cannot be stored near the plant
because of its properties. After treatment and pressure regulation, it is supplied to the reactor
for further burning. The pressure of the supplied gaseous fuel depends on its temperature and
density, and on the ambient conditions. Preheated fuel provides a stabilized burning process in
the reactor. Therefore, it is important that fuel is preheated before reaching the reactor. The
temperature of the preheated fuel is regulated by standards at a value of +15°C. However, in
some cases this temperature can also be preheated up to +250°C. In this study, the off-design
analysis had to deal with temperatures in the range from +50 to +200°C.

The steam turbine inlet temperature affects the thermal efficiency of the CHP plant.
When the vapor expands in the ST, the temperature drops and energy is released. The higher
the temperature in the ST cycle, the higher the useful energy for heat production in the CHP

plant. During analysis the inlet steam pressure had variations from +475°C to +540°C.
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The condensing pressure mostly affects power production in the CHP plant and the
total CHP efficiency. The condensing pressure of the LPST varied from 0.05 to 0.2 bar. The
simulations of reduced components’ efficiencies were performed by changing the adiabatic
efficiencies for the GT, ST, and compressors separately. The efficiencies were reduced to 80

%, having been 90 % at the design point. The summary of the off-design parameters is given

in Table 4.
Table 4 Off-design parameters of CCPP
Parameter Value
Ambient pressure 75 kPa -101 kPa
Air relative humidity 20 % - 80 %
Ambient air temperature -20°C - +15°C
Pump pressure 40 bar - 80 bar
Steam turbine inlet temperature +475°C - +540°C
Condensing pressure 0.05 bar - 0.2 bar
Air excess in air-fuel mixture 3.0-40
Fuel temperature +15°C - +200°C
Gas turbine adiabatic efficiency 0.8-0.9
Steam turbine adiabatic efficiency 0.8-0.9
Compressor adiabatic efficiency 0.8-0.9
Supplementary firing temperature +700°C - +900°C

5. Results and discussion
5.1. Design and off-design system performance

Off-design operational analysis provides valuable information on the operation of the
components and system, particularly on its range of applicability. Therefore, it is necessary to
analyze the amount of electricity and heat produced by the CHP system, in terms of size,
under the part-load characteristics [54].

Firstly, the parametric studies of the CCPP plant shown in Fig. 2 were carried out in
order to see any variation in the plant performance under changeable operational conditions.
The simulations were performed for the DH load given in Fig. 3. The change in CCPP

behavior is represented in the
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The analysis show that power efficiency, CHP efficiency, thermal efficiency and fuel

input varied depending on analyzed load in DH system. For example, the obtained values for

power efficiency, analyzing the possible range for air excess coefficient (a = 3.0 — 4.0),

were 27.85 % and 32.45 % for 14 MW heat load; for 1 MW heat load these values constituted

to be 43.80 % and 47.27 %. Thus, taking into consideration all simulation steps for DH load,

the average value for power efficiency change was 4.02 %, see
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Fig. 4a. The maximum value for CHP efficiency change was 2.46 %); see
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Fig. 4c. The maximum change in the fuel input rate was 3075 kW, as shown in
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591 Fig. 4 Change in CCPP behavior based on analyzed parameter
592 The biggest variation in the power efficiency occurred when the air excess coefficient
593  was changed from the design value @ = 3.0 to @ = 4.0, while the smallest was when the air

594  RH had been analyzed; see
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Fig. 4a. The air excess coefficient provided an increase in the mass flow rate of the

flue gases through the GTC; this led to an increase in power production in the CCPP by 4.2 %

in comparison with the design case. At the same time, the fuel input to the system had

decreased. The reduction in fuel input can be explained by the fuel dilution, increasing the

mass flow rate of air and fuel to the system. In terms of the CHP efficiency, this also had a

positive effect. The CHP efficiency increased to 2.11 %, according to
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The air RH had brought about a decrease of the fuel input to the system, while the

CHP efficiency, the power efficiency, and the thermal efficiency continued with no variation.

The higher air RH provided higher levels of humidity and consequently a higher content in

the working medium of the gas cycle. This had a positive effect on the HRSG. The higher

enthalpy drop in the GTC resulted in more exhaust gas energy released in the HRSG.

The thermal efficiency of the CCPP showed the maximum change of 2.98 % when the

supplementary firing temperature was set to +1000°C. The supplementary firing provided

additional energy input to the STC, which resulted in better energy utilization and system

flexibility, when shifting from the base load to the high peak. Based on heat flow —

temperature diagrams shown in Fig. 5 and Fig. 6, we can conclude that the high temperature
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614  of flue gases before the HRSG does not indicate the best energy utilization. In the observed

615  CCPP, the HRSG had one pressure stage.
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619 Fig. 6 Energy utilization in the HRSG where the temperature of flue gases is +700°C
620

621  This means that the pressure entering the economizer is the same as the one leaving the
622  superheater. In general, the temperature of the HRSG should be +200°C higher than the

623  medium leaving temperature of the superheater. The higher temperature at entry provides
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lower energy utilization in the HRSG and increases the exergy losses. The space between the
curves marked in blue or red, as presented in Fig. 5 and Fig. 6, shows exergy losses. The
highest temperature in the HRSG had an effect on fuel input in the CCPP. This was the

maximum value during simulation and resulted in a change of 3075 kW of the fuel input; see
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Fig. 4d.
The supplementary firing temperature also affected the power efficiency of the CCPP;

see
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633 Fig. 4a. The maximum change in the power efficiency was 2.99 % when the minimum
634  supplementary firing temperature was set. This could be explained by increasing the mass
635  flow rate of air-fuel mixture through the GTC. The CHP efficiency showed a negligible

636  variation of 1.06 %, see
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Fig. 4b, due to the supplementary firing temperature. The minimum change in the

thermal efficiency occurred due to variation in the following parameters: ST adiabatic

efficiency, condensing pressure, and the air RH. This can be seen in
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Fig. 4c. The variation in condensing pressure had most effect on power production.

The condensing pressure in the CCPP affected the temperature of the water-steam mixture

leaving the LPST. The water (compressed liquid) entering the pump before the economizer

should not contain any steam fraction; see Fig. 2. The water-steam mixture should be fully

condensed up to the saturation temperature. This means that the temperature after the LPST

remains constant in all cases.

The biggest influence on CHP efficiency was the change in pump pressure, which

increased by 2.46 % in comparison with the smallest value for pump pressure in the analyzed

range; see
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Fig. 4b. The maximum change occurred when the pressure in the STC was increased

to 80 bar. The higher the pressure, the higher the amount of electricity produced in the STC.

Power production increased by 1.92 % in comparison with the design case when the pump

pressure was set to maximum; see

39

4000



Supplementary firing temperature
ST adiabatic efficiency
Compressor adiabatic efficiency
GT adiabatic efficiency

Fuel temperature

Air excess in air-fuel mixture
Condensing pressure

STinlet temperature : : :

Air relative hUmIdIty S A |
Ambient air tsmperature

Fump pressure

Ambient pressure

Parameters

0 1 2 3 4 5 ] ns 1 15 2 25
Fig. 4a Power efficiency changs Fig. 40 CHP efficiency change
averade value (%) average value (%)

Supplementary firing temperature .
ST adiabatic efficiency | R R
Compressor adiabatic efficiency
GT adiabatic efficiency

Fuel temperature

Alr excess in air-fuel mixture
Condensing pressure

STinlet temperature : :

Air relative hurmidity [ ]
Ambient air temperature

Fump pressure

Ambient pressure

Parameters

0 0‘5 1 155 2 25 3 0 WObO QOIOO SOiOO 4000
Fig. ¢ Thermal efficiency change Fig. 4d Fuel input average value (k)

656 average value (%)

657 Fig. 4a. The thermal efficiency did not show any particular changes due to the constant

658  vapor temperature level in the STC.

659 The lowest influence on the fuel input in the CCPP had ST adiabatic efficiency,

660  condensing pressure and air RH, while the supplementary firing had the highest; see
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Fig. 4d. These parameters can change electricity production in the plant, but both the
fuel input and the thermal efficiencies remained constant.

The simulation of the CCPP showed that the operational and design parameters have a
significant influence on plant performance. This is valuable information since it is important
to provide a reliable heat and power supply to customers while shifting from the base load to
the peak load and vice versa.

5.2. Results on allocation methods
In Section 2, different methods for allocating CO: emissions for cogeneration systems were
introduced. The choice of allocation method is more important than the size of the plant,
properties of the distribution network, plant technology and even more important than which
fuel is used. When analyzing the environmental performance of the CHP, it is important that

the reader is aware of the effects related to the allocation method used [37].
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In this study different allocation methods have been analyzed in order to investigate
the effect of fuel allocation between the heat and the electricity produced in the CCPP.
Allocation methods were combined with the parametric studies of the CCPP and annual heat
energy use at the university campus. Operating and design parameters were analyzed, and the
results were combined to estimate the effect on choice of allocation method as shown in
Section 5.1. A sensitivity analysis of the different allocation methods was performed for the
CCPP under annual heat and electricity load. Based on the DH load and parametric studies of
the CCPP given in Section 5.1, results were obtained for various allocation methods.

The results represented in the Table 5 show the values of the CO: allocation factors for

heat in the design phase.

Table 5 Allocation factor heat in the design phase

Method Design value
Allocation factor heat

200 % 0.0608
Alternative generation 0.3830
Energy method 0.2162
PAS 2050 0.1212
Power bonus method 0.2226
Exergy method 0.1507
Dresden method 0.8340

It might be noticed that different allocation methods produce different results in Table

5. For example, the fuel allocation for heat for the alternative generation method was 38.3 %,
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while using the 200 % method this value was 6 % and for the power bonus method was
22.3%.
Fig. 7 presents the effect on allocation factors depending on analyzed parameters

introduced in Table 4 and Section 4.
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Fig. 7 Heat allocation factors for analyzed methods

The change in heat allocation factors for design and operational conditions showed a
small variation. This can be noticed by comparing Table 5 and Fig. 7. The most sensitive
method due to the change in operation parameters was the power bonus method. The
alternative generation method offered the biggest share in the heat allocation, while the
smallest share for heat was shown by the 200 % method. The heat allocation factor based on
the power bonus method changed by 0.16 units due to the change in condensing pressure; see
Fig. 7. The air excess coefficient in the air-fuel mixture resulted in a change of 0.22 units. The
change in the steam turbine adiabatic efficiency and supplementary firing temperature
resulted in 0.12 and 0.11 units of heat allocation factor. The changes in the parameters
described above have the greatest influence on power production in the CCPP.

Finally, for the different allocation methods, Fig. 8 shows the maximum sensitivity in

the allocation factors for heat and electricity production.
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Fig. 8 Sensitivity of allocation factors for heat and electricity production

As Fig. 7 and Fig. 8 show, the power bonus method was the most sensitive compared
to other methods. The 200% method showed the smallest change in the analyzed parameters,
resulting in a beneficial share of emissions’ allocation for DH between heat and power
production. The PAS 2050 and exergy methods also had good results and showed that the
operational and design parameters did not have a significant influence on allocation factors
for both heat and electricity. The change in operation parameters gives a variation in the heat
allocation in the CCPP that should be taken into consideration while applying the power
bonus method. When the efficiencies of the CCPP vary significantly with load, or are varied
to match the demand, the calculated CO. emissions are clearly not fixed and could not be
constant under any convention. For practical purposes, it would be sensible to define
efficiency values, perhaps seasonal averages, as a basis for nominal intensities [55]. As an

alternative to the power bonus method, other methods with small variation under variable
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loads should be considered such as the 200 % method, the PAS 2050 method, or the exergy
method. In general, the allocation of the main products is a problematic task, especially in
cogeneration systems, since heat and electricity are products of significantly different quality
usefulness [15].

The current analysis was focused on CHP with CCPP technology. Therefore, the results
are relevant for the CHP with the CCPP technology for the same configuration, but different
operation data. In the case of CHP without supplementary firing technology or gas turbine

cycle technology, the final result presented in the Fig. 8 might be different.

6. Conclusions

The different methodologies for the allocation of CO. emissions for heat and power
production in the CCPP have been presented and analyzed. The allocation methods were
combined with a parametric study of the CCPP and this showed that different allocation
methods produce different results. For example, the fuel allocation for heat at design
conditions for the alternative generation method was 38.3 %, while using the 200 % method
this value was 6 %, and for the power bonus method was 22.3 %. This indicated that the
choice of allocation method is very important for the development of cogeneration technology
in relation to heat and power distribution systems. The 200 % method gives the lowest CO.
allocation for heat, indicating that the heat produced in the CCPP is the most environmentally
friendly. On the other hand, the alternative generation method allocates a higher amount of
emission to heat, which is not beneficial from a DH point of view. Among all the presented
methods, the most sensitive was the power bonus method, which is promoted as the main
method for emissions’ allocation in the EU. The results showed the highest variance in
allocation factors for both electricity and heat, ranging from 11% to 21% compared to the
design case. In other methods, the variation was negligible: around 1 - 3 %. All these

indicated that the CO: allocation was difficult to estimate under the annual heat and electricity
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load variations. Therefore, we can conclude that emissions allocated with the power bonus
method cannot be fixed continuously as is stated in standard EN 15316. The solution can be
efficiency values, seasonal averages as a basis for nominal intensities or methods with small
variation. This study showed that the decision regarding choosing the allocation method
should be carefully analyzed for implementation in the standards and different policies. It is
important to enable a proper allocation of CO: emissions and the promotion of environmental
benefits from cogeneration technology for DH and power distribution systems. The results
obtained in this study can be used by the designers of CHP systems and policy makers as a
tool for developing an emission trading system for CHP plants and for the pricing of heat and

power.

References:

[1] Weber C, Favrat D. Conventional and advanced CO: based district energy systems.
Energy, 2010. 35(12): p. 5070-5081.

[2] Chu B, Duncan S, Papachristodoulou A, Hepburn C. Analysis and control design of
sustainable policies for greenhouse gas emissions. Applied Thermal Engineering, 2013. 53(2):
p. 420-431.

[3] Marechal F, Favrat D, Jochem E. Energy in the perspective of the sustainable
development: The 2000 W society challenge. Resources, Conservation and Recycling, 2005.
44(3): p. 245-262.

[4] Favrat D, Marechal F, Epelly O. The challenge of introducing an exergy indicator in a
local law on energy. Energy, 2008. 33(2): p. 130-136.

[5] Svensson E, Berntsson T. Economy and CO- emissions trade-off: A systematic approach
for optimizing investments in process integration measures under uncertainty. Applied
Thermal Engineering, 2010. 30(1): p. 23-29.

[6] Finney N, Zhou, J Chen Q, Zhang X, Chan C, Sharifi N, Swithenbank J, Nolan A, White
S, Ogden S, Bradford R. Modelling and mapping sustainable heating for cities. Applied
Thermal Engineering, 2013. 53(2): p. 246-255.

[7] Cakir U, Comakli K, Yuksel F. The role of cogeneration systems in sustainability of
energy. Energy Conversion and Management, 2012. 63(0): p. 196-202.

[8] Radulovic D, Skok S, Kirincic V. Cogeneration - Investment dilemma. Energy, 2012.
48(1): p. 177-187.

46



782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825

[9] Rosen A, Le N, Dincer I. Efficiency analysis of a cogeneration and district energy system.
Applied Thermal Engineering, 2005. 25(1): p. 147-1509.

[10] Najjar Y. Gas turbine cogeneration systems: a review of some novel cycles. Applied
Thermal Engineering, 2000. 20(2): p. 179-197.

[11] Carr L. The Replacement Mix. Introduction of a Method for the Assessment of District
Heat from CHP in the European Union Regarding Primary Energy, FfE Research Senter for
Energy Economics, 2012: Germany. p. 29. Available from:
http://www.ffe.de/download/article/408/2012-07_FfE_The_Replacement_Mix.pdf [Accessed
16th July 2014].

[12] EU. Directive 2004/8/EC of the European Parliament and of the Council - on the
promotion of cogeneration based on a useful heat demand in the internal energy market and
amending Directive 92/42/EEC. Brussels: The European Parliament and the Council, 2004.
[13] Euroheat & Power. Ecoheatcool Work Package 3. Guidelines for assessing the efficiency
of district heating and district cooling systems. Produced in the European Union, Brussels,
2006. Available from:
http://www.euroheat.org/files/filer/ecoheatcool/documents/Ecoheatcool WP3_Web.pdf
[Accessed 16th July 2014].

[14] Euroheat & Power. Heating without global warming? Frequently asked questions about
district heating and district cooling. Brussels, 2012. Available from:
http://www.euroheat.org/Files/Filer/documents/District%20Heating/FAQwebsite.pdf
[Accessed 16th July 2014].

[15] Rosen MA. An Exergy-Based Method for Allocating Carbon Dioxide Emissions from
Cogeneration Systems - Part I: Comparison with Other Methods. In EIC Climate Change
Technology, 2006 IEEE. 2006.

[16] European Standard. EN 15316:2007. Heating systems in buildings - Method for
calculation of system energy requirements and system efficiencies. Brussels, 2007.

[17] European Commission on Life Cycle Assessment. Available from:
http://ec.europa.eu/environment/ipp/lca.htm [Accessed 16th July 2014].

[18] Strickland C, Nyober J. Cogeneration potential in Canada: Phase 2. Report for Natural
Resources Canada, by MK Jaccard and Associates, 2002.

[19] Strickland C, Nyober J.A review of Existing Cogeneration Facilities in Canada. Report
by Canadian Industrial Energy End-Use Data and Analysis Center, Simon Fraser University,
2002.

[20] Phylipsen GJM, Blok K, Worrell E. Handbookon International Comparisons of Energy
Efficiency in the Manufacturing Industry. Department of Science, Technology and Society,
Utrecht University, the Netherlands, 1998.

[21] Graus W, Worrell E. Methods for calculating CO: intensity of power generation and
consumption: A global perspective. Energy Policy, 2011. 39(2): p. 613-627.

[22] Abusoglu A, Kanoglu M. Allocation of Emissions for Power and Steam Production
Based on Energy and Exergy in Diesel Engine Powered Cogeneration. Energy & Fuels, 2009.
23(3): p. 1526-1533.

[23] Aldrich R, Llauro FX, Puig J, Mutje P, Pelach MA. Allocation of GHG emissions in
combined heat and power systems: a new proposal for considering inefficiencies of the
system. Journal of Cleaner Production, 2011. 19(9-10): p. 1072-1079.

47


http://www.ffe.de/download/article/408/2012-07_FfE_The_Replacement_Mix.pdf

826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868

[24] Wang Y, Lior N. Fuel allocation in a combined steam-injected gas turbine and thermal
seawater desalination system. Desalination, 2007. 214(1-3): p. 306-326.

[25] Holmberg H, Tuomaala M, Haikonen T, Ahtila P. Allocation of fuel costs and CO--
emissions to heat and power in an industrial CHP plant: Case integrated pulp and paper mill.
Applied Energy, 2012. 93(0): p. 614-623.

[26] Rosen MA. Allocating carbon dioxide emissions from cogeneration systems: descriptions
of selected output-based methods. Journal of Cleaner Production, 2008. 16(2): p. 171-177.
[27] Dittmann A, Sander T, Robbi S. Allocation of CO.-Emissions to Power and Heat from
CHP-Plants, Fakultat Maschinenwesen Institut fir Energietechnik, Professur flr
Gebdaudeenergietechnik und Warmeversorgung: Technische Universitit Dresden, Germany,
p. 15.

[28] Zschernig J, Sander T. FACHTHEMEN KWK Strom -Was ist das? Bewertungsmethode.
Euroheat and Power — German Edition, 2007. 36(6): p. 26-37.

[29] World Energy Council (WEC). Available from: http://www.worldenergy.org/ [Accessed
16th July 2014].

[30] World Energy Council (WEC). Comparison of Energy System Using Life Cycle
Assessment, a Special Report of the World Energy Council. London: World

Energy Council; 2004.

[31] Flatebg @. Off-design Simulation of Offshore Combined Cycles, MSc Dissertation. Dept.
Ener. and Proces. Eng., NTNU, Trondheim, Norway, 2012.

[32] Poullikkas A. An overview of current and future sustainable gas turbine technologies.
Renewable and Sustainable Energy Reviews, 2005. 9(5): p. 409-443.

[33] Aspen HYSYS. (Version 7.3) AspenTech. Available from: http://www.aspentech.com
[Accessed 16thJuly 2014].

[34] MATLAB. (Version R2013a) MathWorks. Available from: http://www.mathworks.se
[Accessed 16th July 2014].

[35] Ong'iro A, Ugursal 1V, Taweel AMA, Lajeunesse G. Thermodynamic simulation and
evaluation of a steam CHP plant using ASPEN Plus. Applied Thermal Engineering, 1996.
16(3): p. 263-271.

[36] Zheng L, Furimsky E. ASPEN simulation of cogeneration plants. Energy Conversion and
Management, 2003. 44(11): p. 1845-1851.

[37] International Energy Agency. The potential for increased primary energy efficiency and
reduced CO: emissions by district heating and cooling: Method development and case studies.
By SP Technical Research Institute of Sweden, KDHC — Korea District Heating Technology
Research Institute, SINTEF Energy Research Norway. ANNEX 1X, 8DHC-11-01, 2011.

[38] Finnish District Heating Association. Available from: http://energia.fi/en/statistics-and-
publications/district-heating-statistics [Accessed 16th July 2014].

[39] Statens Offentliga Utredningar. SOU 2008:25 2008. Ett energieffektivare Sverige,
Delbetédnkande av Energieffektiviseringsutredningen. Stockholm, 2008.

[40] Kotas TJ. The exergy method of thermal plant analysis. Malabar, Fla.: Krieger,
Floridal995.

[41] Moran MJ, Shapiro HN. Fundamentals of engineering thermodynamics. Hoboken:
Wiley; New York, 2010.

48


http://www.sciencedirect.com/science/article/pii/1359431195000712
http://www.sciencedirect.com/science/article/pii/1359431195000712
http://www.sciencedirect.com/science/article/pii/1359431195000712

869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904

[42] Szargut J, Morris DR, Steward FR. Energy analysis of thermal, chemical, and
metallurgical processes,1988. Hemisphere Publishing Corporation, New York, NY, 332 p
[43] Moran M, Sciubba E. Exergy analysis: principles and practice. ASME Transactions
Journal of Engineering Gas Turbines and Power, 1994. 116: p. 285-290.

[44] Kallhovd M. Analysis on Methods and the Influence of Different System Data when
Calculating Primary Energy Factors for Heat from District Heating Systems, MSc
Dissertation. Dept. Ener. and Proces. Eng., NTNU, Trondheim, Norway, 2011.

[45] Energy Efficiency Council. Cogeneration - Allocation Protocol and Best Practice - Issues
Paper, 2013. Available from:
http://www.eec.org.au/UserFiles/File/member%20news/EEC%20Issues%20Paper%?20-
%20apportioning%20emissions%20from%?20cogeneration.pdf [Accessed 16th July 2014].
[46] The Danish Energy Agency. Available from: http://www.ens.dk/en [Accessed 16th July
2014].

[47] Nuorkivi A. Allocation of Fuel Energy and Emissions to Heat and Power in CHP,
Energy-AN Consulting, 2010. Available from:
http://eral7.fi/wp-content/uploads/2012/02/Report-Nordic-CHP-Allocation_Energy-AN-
Consulting_2010-9-7.pdf [Accessed 16th July 2014].

[48] British Standards Institution. PAS 2050:2008. Specification for the assessment of the life
cycle greenhouse gas emissions of goods and services. London, 2008.

[49] British Standards Institution. The Guide to PAS 2050:2011. How to carbon footprint
your products, identify hotspots and reduce emissions in your supply chain. London, 2011.
[50] International Standardization Organization. 1SO02314:2009. Gas turbines - Acceptance
tests. Switzerland, 20009.

[51] Soares C. Gas turbines: a handbook of air, land, and sea applications. Amsterdam:
Elsevier/Butterworth-Heinemann; 2008.

[52] Kehlhofer R. Combined-cycle gas & steam turbine power plants. Tulsa, Okla.: PennWell
Corporation; USA, 2009.

[53] Savola T, Keppo I. Off-design simulation and mathematical modeling of small-scale
CHP plants at part loads. Applied Thermal Engineering, 2005. 25(8-9): p. 1219-1232.

[54] Arsalis A, Nielsen MP, Keer SK. Modeling and off-design performance of a 1 kWe HT-
PEMFC (high temperature-proton exchange membrane fuel cell)-based residential micro-
CHP (combined-heat-and-power) system for Danish single-family households. Energy, 2011.
36(2): p. 993-1002.

[55] Pout C, Hitchin R. Apportioning carbon emissions from CHP systems. Energy
Conversion and Management, 2005. 46(18-19): p. 2980-2995.

49



