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Allocation factors in Combined Heat and Power systems - Comparison of
different methods in real applications
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Abstract

The energy sector is facing a significant transition towards Smart Energy Systems, in which the generation
units are being optimized to reach sustainability targets including primary energy savings and COs emissions
reduction. In such a context, the planning and operation of multi-generation units needs to be properly
addressed, to guarantee a correct assessment of their performance with respect to standard energy generation
units. Performance indicators are defined to compare energy conversion units, and in presence of multiple
outputs an allocation methodology is required. There is currently no single method to allocate input
resources and impacts in cogeneration and multi-generation systems, as the number of aspects that are
involved leads to different approaches. This paper evaluates the current methodologies for allocation factors
calculation in Combined Heat and Power plants, to present an indication of the strengths and the limits
of each approach. The methods are applied to multiple case studies, by considering the operation data
from existing natural gas plants of different size, technology and conversion efficiency. The results show the
significant variability of the allocation factors, the main drivers being the choice of the methodology itself,
the conversion technology and the reference efficiency values that are set for separate production of heat and
power. A discussion is proposed on the importance of defining proper methods and reference parameters,
with particular attention to the applications for which the allocation factors need to be calculated.

Keywords: Combined Heat and Power, Allocation Factors, Multi-Energy Systems, Primary Energy,
Emissions

1. Introduction

Current energy systems are facing a significant transition towards Smart Energy Systems [I], with the
potential of integrating different energy sectors and infrastructures to optimize their operation. The attention
towards primary energy savings and environmental impacts is a global concern for several reasons, including
the fight against climate change, local pollution issues, energy security and reliability of the energy supply.
The recent developments in Information and Communication Technologies (ICT) solutions can support the
operation and optimization of energy systems in this radical shift in approach and understanding.

Multi-energy systems are crucial for this transition, as the integration of multiple sources allows exploiting
the synergies that lead to different optimization configurations depending on variable boundary conditions.
Combined Heat and Power (CHP) technologies are currently the multi-output energy systems with the
largest diffusion, both as distributed generation or centralized units combined with District Heating (DH)
networks [2]. When properly designed and operated, they represent a powerful tool to decrease primary
energy consumption [3] and to limit environmental impacts [4]. The correct sizing of multi-generation units
needs to be performed with dedicated algorithms that are able to simulate the entire range of operation
conditions of those units, thus ensuring the optimal configuration of the energy system [5]. Some recent works
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proposed a probabilistic approach to take into account a risk analysis for considering long term uncertainties
in energy demand [6]. In general, the higher complexity with respect to single output energy systems leads
to the importance of dedicated optimization strategies at design and operational phases [7], both for CHP
units connected to DH networks [8] and for distributed micro-CHP solutions [9].

However, while the design and operational phases are important in ensuring the optimal energy per-
formance, the planning and installation of CHP units needs to be considered in the framework of energy
planning and policies, that are also connected to the economic conditions in which those units need to op-
erate. Energy policies needs to take into account a number of aspects that affect CHP operation strategies,
including stakeholders priorities [10] and the evolution of electricity market options (e.g. reserve and balanc-
ing market [I1]). Energy policies needs to be able to face the complexity of including multi-energy systems
in a framework that is usually defined based on mono-energy conversion units, i.e. separate production of
heating, cooling and power. The combined production of multiple energy carriers needs specific attention
when performance indicators are at the basis of energy planning measures. In particular, the allocation of
fuel consumption as well as environmental impacts is a significant aspect in CHP systems. There is cur-
rently no single method for fuels and impacts allocation in CHP units, since multiple aspects are involved.
In some countries a reference method is defined (e.g. European Union), but in the wide range of operational
conditions the results could lead to issues of compatibility with other existing energy policies.

Some authors have addressed the allocation methods for cogeneration plants, either with a general
perspective [12] or with a specific application such as the definition of COg emission factors [I3] or the
allocation of waste and input fuels in Life Cycle Assessment calculations [I4]. Wang et al. [I5] proposed
an exergy cost methodology to assess the cost associated to each energy flow in multi-energy systems,
by performing a thermo-economic analysis. Tereshchenko and Nord presented an interesting work [I6]
comparing different methods for allocation factors in a specific case study, as a support for CHP design and
policy making. Holmberg et al. [I7] discussed the allocation of fuel costs and COq emission factors on a
specific case study based on an industrial CHP unit.

Whereas theses studies provide significant insights on single case studies, the comparison of various situ-
ations could provide additional information on the strengths and limits of each methodology, by highlighting
the effect of CHP technology, unit size, operation conditions and time resolution of the analysis.

This paper presents the main methodologies that are currently used for allocation factors calculations
in CHP systems. The focus has been put on natural gas CHP units with different technologies. Three
approaches have been developed, to highlight multiple applications: (1) Nominal values of different tech-
nologies and sizes, (2) real annual data of several natural gas engines connected to District Heating networks
and (3) real hourly operation data of a natural gas combined cycle over an entire year.

2. Methodology

The aim of this paper is to compare the consequences of choosing a specific allocation factor methodology
on the indicators that can be calculated for heat and power as a support for various applications, including
energy policies, energy systems simulations, energy certifications, etc.

2.1. Allocation factors methodologies

Different methodologies are currently used to allocate primary energy consumption, emissions or other
indicators in multi-output energy systems. The main methods that will be compared in this paper are dis-
cussed below. The methods are analyzed with reference to natural gas fired CHP units, but the methodology
can be extended to energy systems with different inputs and with more than two outputs.

2.1.1. Energy methodology
The simplest method is based on the calculation of the share of energy produced for each type, i.e. heat
and power. The electricity and heat allocation factors ap and ag can be easily calculated as following:

ap = E/(E+Q) (1)
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with £ and @ being the amount of electricity and heat produced by the CHP system in a given time
frame.

The simplicity of this method represents both its strength and its weakness: the allocation respects the
amount, of energy produced for each type, but the quality of energy is not taken into account (i.e. the
exergy of the output energy flows). For this latter reason, this method is seldom applied in energy policies,
although it can provide an immediate idea of the importance of each energy output of the system.

However, an interesting aspect of this method, which is not available in other approaches, is its indepen-
dence from external parameters that may have an impact on the results of the allocation. The only system
parameter that affects the allocation factors is the power-to-heat ratio, which is related to the electrical and
thermal efficiencies of the system.

2.1.2. Ezergy methodology

The exergy methodology aims at including the aspect of the energy quality, i.e. the exergy contained
into the energy outputs of the system. While for the electricity production the exergy coincides with the
energy, the exergy content of the heat is related to the temperature at which it is produced and supplied to
the user.

The heat allocation factor is therefore calculated by using the Carnot factor:

e — Q- (1 - Tref/TQ) (3)
CTE+Q (1 -Ty/To)

where T, is the reference temperature, which can be fixed by specific reference conditions (e.g. usually
15°C, 25°C or 0°C) or calculated as the average outdoor temperature during the analysis time frame, and
T is the mean logarithmic temperature of the heat produced by the CHP unit, calculated as:

~ Ts—Tgr
19 = log (T /Tw) W

where Ts and Tg are the supply and return temperatures (in Kelvin units). The mean logarithmic
temperature is used in spite of a simple mean due to its higher significance in the analysis of heat exchangers.
The supply and return temperatures are usually measured with reference to the CHP unit, but in the case
of DH networks the heat losses should be included, and the temperatures measured by the final users, where
available, may lead to a more accurate calculation.

The allocation factor for electricity can be obtained by difference:

ap=1—-aqg (5)

In this case the heat temperatures are required system parameters, in addition to the power-to-heat ratio
already seen in the previous method, that have an influence on the allocation factors. Moreover, the choice
of the reference temperature is an external driver that may influence the results: both in the case of a fixed
temperature set by a National regulation, or for the use of realt outdoor temperature which is not related
to the energy system behavior itself (although it may already have an impact on the system performance
for some technologies).

2.1.3. Power bonus

This method is extended from EN 15316-4-5:2017, where it is described for the application to District
Heating Systems. This regulation is the update of EN 15316-4-5:2007 that was focused on the primary
energy factor calculation for District Heating networks, where distribution network losses are taken into
account by calculating the heat supplied to the users Qg from the total heat production @, including the
network losses. In this update the methodology is extended also to the calculation of COs emission factors
and other indicators, but without major changes.
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The primary energy factor of the district heating is defined in the Regulation by the following equation:

Epin _ Y iEri-feri— Eeacup - fre (6)
Qdel Qdel

being Ep;, the total primary energy consumption of the system, by removing the fraction required
for the generation of the exported electricity, which is quantified by the amount of electricity production
Eei,cup multiplied by the conventional primary energy factor of the electricity fp ;. These notations have
been obtained directly from the Regulation, and therefore they are not compliant with the others used in
this paper.

A similar logic can be applied to any CHP unit, by considering its primary consumption and its heat
production in the following equation:

fe.pn =

F. re -E- re
fro = fre, fQ JPE et )

with F' as the fuel consumption (in this case natural gas) and fp nG res its primary energy factor that
may include a share of energy required for its supply chain to the final user (e.g. extraction, transport,
transformation, etc.).

From the previous equation, the allocation factors chosen for heat and electricity can be derived, by
fixing the heat factor and calculating the electricity factor by difference:

F - fP,NG,Te - B fP7E7T'e
ag = (@ fr)/(F - [pNGres) = F- f; NG,ref : ®

CME:].f()éQ (9)

Some primary energy factors are provided as examples in the Annex B of EN 15316-4-5:2017 (e.g. fp,q ref
= 1.5 for heat produced by natural gas boilers and fp g et = 2.5 for electricity produced by CHP and
exported to the grid), but each Member State must define specific values depending on National conditions
and policies. The primary energy factors provided by the current Italian Regulation are fp ng ref = 1.05 and
fp EEref = 2.42, but the Annex to the new Regulation is not yet available. Italian values will be used due
to the location of the plants that are used in the case studies.

These reference factors can have a significant impact on the allocation factors of CHP systems, due to
a large number of different aspects that may arise. A particular issue may be when some CHP units have
an energy efficiency higher than the one associated to the reference primary energy factor: in this case the
allocation factor for heat may become negative. In this case the heat allocation factor is set to zero, but
this choice leads to a distortion in the application of this method, which results in a non-correct allocation
for such systems.

The reference primary energy factor for electricity is strongly related to the National electricity mix, to
the conversion efficiency of the power plants, and in a minor share to the transmission losses of the Power
Network. The efficiency of power plants shows a large variability in relation to the source, the technology,
the size, and the operational strategies.

2.1.4. Heat bonus
The same concept applied to electricity in the previous methodology can be translated to the heat
production, by defining a "heat bonus” method. Therefore, the following equations can be used:

F - ref — : ,Q,re
ap = (E-fpr)/(F- fPNGref) = fPJ\;?Gi f; NGQ ffP’Q - (10)

ag=1—-ag (11)

While natural gas primary energy factor is the same than in the previous case, fp ng = 1.05, the primary
factor for heat needs to be defined. Two hypotheses are proposed for alternative heat generation:
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e heat production with distributed conventional natural gas boilers, which are the existing standard,
with a conventional seasonal thermal efficiency of 90% (based on LHV);

e heat production based on air-source heat pumps, to evaluate the effect of a potential penetration of
this technology in the future, by considering an average seasonal Coefficient of Performance (COP) of
3.0.

These performance indicators (efficiency and COP) have been set by taking into account the relatively
high temperatures at which the space heating is currently operated in a number of countries in Europe.
Lower temperatures would lead to better COPs for heat pumps and to the possibility of using condensation
natural gas boilers, with higher thermal efficiency. These evaluations have been integrated in the sensitivity
analysis.

2.1.5. Alternative generation
This method is considering the primary energy that would have been consumed with the separate pro-
duction of heat and electricity to define the allocation factors. The following equations are used:

E/nE ref
ap = . 12
E/ng.res + Q/NQ.ref (2

Q/MQ.ref
ap = : 13
@ E/nE,Tef + Q/nQﬂ‘ef ( )

where E/ng ref and Q/ng.rey are the reference electricity and heat efficiency for separate production
respectively. The electricity efficiency is usually the average of the National power plants, while the heat
efficiency is set to a conventional natural gas boiler (but also a heat pump could be considered, as evaluated
in this paper). In this paper the electrical efficiency is set to 41%, in accordance with the Italian Regulation,
while the heat alternative generation has the same hypotheses of the previous method (i.e. 90% of efficiency
for natural gas boilers, COP of 3.0 for heat pumps).

2.1.6. Price

An additional possibility is the use of energy prices to weight the importance of the heat and power
outputs. In particular the electricity price can be related to the selling price in the market, and the heat
price to the heat usually sold to DH users or to the natural gas price by using the reference heat efficiency
for separate production described in the previous cases.

The electricity and heat allocation factors can be calculated as following:

_ E-pg
5= B pe+ Q pa) .
@ pg (15)

T E s +Qp)

being pr and pg the specific prices for electricity and heat.

In this method the definition of the prices is subject to a large number of hypotheses. The approach can
be based on the price paid to the final users, on the revenues obtained by selling heat and power, or on the
avoided cost of the separate production of heat and power. Moreover, the prices may show a variability in
the selected time frame (especially electricity) and therefore the variable price may be considered instead
of the average. In this paper the base prices for electricity and heat have been set to 50 Euro/MWh and
75 Euro/MWh respectively. These prices are based on the selling prices of electricity to the grid (average
value of wholesale price in the Italian Market over the last 4 years) and the heat to district heating users
(including the average network losses).
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2.1.7. Other methodologies
Other methodologies are available, but are not considered in this work, due to their limited application
in common practice. The main are the following [16]:

e The 200% method, promoted by the Danish Energy Authority, which considers a reference 200%
efficiency for heat to evaluate the allocation factors. This method is similar to the power bonus
method.

e The British Standard PAS 2050 is based on the intensity of GHG emissions of the fuel and the
technology. The formulation is the same that the one used in the energy method, but the electricity
is multiplied by a coefficient based on the fuel and technology of the CHP unit.

e The Power loss methodology has been mainly developed for steam turbines, and it takes into account
the avoided power production due to the steam extraction in the turbine to supply the heat demand.
This method is limited to the technologies for which the heat production causes a decrease of power
production.

e The Dresden methodology [I8] has been proposed as an approach to integrate exergy concepts in the
power loss method that has been previously described. Also this method is limited to the technologies
with a power loss caused by the heat recovery.

2.2. Synthesis of influencing parameters

Different parameters are influencing the result of the allocation, both from the energy system features
and from the external context. Table [I| reports the parameters that have an influence on the allocation
procedure for each methodology. The trade-off between internal and external parameters is a crucial aspect,
as each system should be considered both for its performance and for its relationship with the external
context in which it operates.

The effects of these parameters are analyzed by considering multiple case studies, as discussed below. A
sensitivity analysis will be performed on some external parameters, to highlight the weight of each choice of
any specific reference indicator.

Table 1: Parameters affecting the results of the allocation

System parameters External Parameters
Energy Method Power-to-heat ratio -
Exergy Method Power-to-heat ratio, heat temperatures Reference Temperature
Power Bonus Electric and thermal efficiency Electric reference efficiency
Heat Bonus Electric and thermal efficiency Thermal reference efficiency
Alternative Generations Power-to-heat ratio Electric and thermal reference efficiency
Price Method Power-to-heat ratio Power and heat prices

2.3. Case studies

Different case studies are proposed, to investigate multiple aspects of the problem: (1) different technolo-
gies can show a wide range of variation of performance parameters, (2) in real operation the same technology
can show different results based on its operational strategies including part load performance and (3) the
same unit can have a wide range of hourly operation modes, leading to a statistical distribution of allocation
factors if the analysis involves high-time step calculations.

For these reasons, the case studies have been chosen based on these approaches, to evaluate the effect of
the methodologies with a wider perspective.
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2.8.1. Case 1: Different technologies and nominal performance

The first case takes into account the main available CHP technologies based on natural gas that are
currently in commercial operation. Some nominal values of multiple parameters have been considered for
combustion engines [19] 20], gas turbines [21] 22] 23], combined cycles [3]and fuel cells [24].

The fuel has been limited to natural gas to avoid a too large variation of parameters and indicators,
especially when considering COs emissions. The main drivers that have been analyzed in this case study
are the nominal electric and thermal efficiencies, and the power-to-heat factor that can be easily calculated
from them. Different unit sizes have been used, to enlarge the range of the indicators and to provide more
insightful results.

2.3.2. Case 2: Operation data of natural gas engines connected to DH networks

A following step is the shift from nominal performance indicators to the real operation of CHP units.
In this case study a statistical analysis on the annual performance of a large number of natural gas engines
has been performed. The available data for around 120 units of different output power has been used,
considering a database of CHP units connected to the Italian District Heating networks [25].

The interest in considering real data lays in the possibility of evaluating the variability of allocation
factors in relation to a group of units that represent a range of operation conditions in real applications.
Although many units have similar nominal capacities and performances, their operational logics lead to
very different annual results, due to a number of reasons including the users’ demand, the environmental
conditions, the interaction with other generation units, the quality of the maintenance, etc. [26].

2.8.3. Case 3: Hourly analysis on a single unit

The last step is the shift from annual data to high time-step data, e.g. hourly. This choice leads to
the evaluation of the variation of allocation factors in the perspective of the need of using them for live
applications such as energy markets. The analysis of allocation factors distributions would also provide
additional insights than the average values that can result from annual calculations.

In this case the analysis has been performed on a single unit, a natural gas combined cycle connected
to a large DH network. The operation data are available from CEMS (Continuous Emissions Monitoring
Systems), with an hourly time step over 8 years of operation [27]. The current work has considered the
operation data for 2017, as the results from the other years provide similar values.

The NGCC plant has 395 MW of net power output when operating in full electric mode, with a nom-
inal efficiency of 58%. When switching to CHP operation the output power is reduced to 340 MW, and
the available heat supplied to the DH network is 260 MW, being the global efficiency equal to 90% [27].
Unfortunately the CEMS is not monitoring the heat supply and return temperatures, and therefore also in
this case nominal values need to be considered for the exergy analysis.

2.4. Sensitivity analysis

A sensitivity analysis is performed to evaluate the weight of some external parameters on the results of
the calculations with different methodologies. The analysis will be focused on electricity and heat reference
efficiencies. Energy prices are not considered as they are very site-specific, and their impact is quite straight-
forward (given the simple price proportion among the two energy types) leading to less interesting results.
Consequently, only the affected methodologies will be evaluated. Moreover, to simplify the representation
the sensitivity analysis will be performed on the data of Case 2, as annual values are usually the ones that
show the highest interest for this type of calculation in real applications.

Electricity reference efficiency represents the average efficiency of the alternative generators supplying
energy to the Power Grid. The reference value used in the other calculations was 0.41 (corresponding to
the reference efficiency value for Italian power plants), and this value will be varied from a minimum of 0.35
(representing traditional fossil-fired power plants) to a maximum of 0.60 (representing the best available
techniques for natural gas combined cycles).

The reference efficiency for heat was considered with two approaches in the previous calculations: (1) an
average annual value of 90% by considering natural gas boilers as alternative technology for separate heat
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production, and (2) a COP of 3.0 in the hypothesis of heat production with a heat pump in the case of low-
temperature heat users (i.e. a total equivalent thermal efficiency of 123% if considering a 41% conversion
efficiency of the power plants). The sensitivity analysis will span the entire range of potential thermal
efficiencies, from a minimum of 85% for existing boilers after several years of operation, to a maximum
of 185% of equivalent system efficiency when considering a heat pump with a value of COP of 4.5 (and a
conversion efficiency of the power plants equal to 41%).

It has to be highlighted that an equivalent efficiency for heat pumps larger than 100% is a choice that
is consistent with the common practice. This choice originates from the idea of neglecting the amount of
energy that is recovered from the air or from the ground, in accordance with the definition of COP. This
choice is not fully consistent with the energy balance of the system, and a further study may be performed
to evaluate this specific matter.

3. Results

3.1. Case 1 - Nominal values

The first step is the calculation of allocation factors from nominal values of different natural gas CHP
technologies, and their application for the definition of indicators, such as primary energy factor and CO,
emission factor.

Figure [I] shows the variation of electricity and heat allocation factors for different technologies and with
the different methodologies that have been described in section [2.1] in relation to the power-to-heat ratio
of each unit. The methodologies are reported with different colors, while the technology is shown by the
shape of each data point. The trends show a generalized increase of the electricity allocation factor with
the power-to-heat ratio, regardless of the methodology that is considered.

Type
® Combined cycle

0.9- -01 A Engine
M Fuel Cell
0.8- . -02

1.0- -0.0

g + Gas Turbine
= z
g 071 —03 &
ki 2 Method
g g
2 06- -04 B alt. gen. — HP
g S alt. gen. - NGB
= -
g “05 8 9 energy
8 g
> = -@- exergy
o 04- Los
-®- heat bonus - HP
031 -0.7 -®- heat bonus - NGB
power bonus
o o8 price

05 06 07 08 09 10 11 12 13 14 15 16
Power-to-heat ratio

Figure 1: Nominal values - Allocation factors

The only exception is the saturation to 1 occurring for the power bonus methodology for the units that
have an electrical efficiency that is higher than the reference value for separate production. For these units,
the resources allocation is charged totally on the power output, and the heat is therefore considered as " free”.
This anomaly provides a distortion in the comparison of different units, which can be avoided by setting
a proper reference efficiency related to each specific technology or fuel (as it happens for other calculation
procedures, e.g. the Primary Energy Savings index for the evaluation of high-efficiency CHP performance).
The calculations of the power bonus method leading to this plot have been performed in accordance with
the current EU Regulation, considering the Italian reference indicators.

Comparing the results of each methodology, some aspects can be highlighted:
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e All the methods but the heat bonus and power bonus show a regular dependence on the power-to-
heat ratio, in accordance to their definitions. This aspect is clearly noticeable from the trend lines in
Figure[I] The resources are therefore allocated depending on the amount of energy produced for each
type. For power bonus and heat bonus methods there is a similar effect, but with some significant
discontinuities, related to the conversion efficiencies of each unit.

e Considering a power-to-heat ratio of 1, i.e. the same conversion efficiency for the two outputs, the
energy method is obviously charging equally heat and power, while almost all the other methods
provide higher allocation factors for electricity. The only exception is the price method, due to the
low price of electricity in the current wholesale markets.

e The choice of the method appears to have a significant impact on the results, as there is a large
variability of allocation factors for each unit. This variability among methods does not appear to be
influenced by the power-to-heat ratio value.

An example of the application of these allocation factors can be the calculation of COg emission factors
for heat and electricity in CHP units. A plot of the values for the same units considered above is reported
in Figure [2|

600- +- Type
® Combined cycle
A Engine
+ M Fuel Cell
500 - =
L ~+ Gas Turbine

Method
alt. gen. — HP

400-

alt. gen. - NGB

energy
300-

-
sl o+

exergy
heat bonus - HP

electricity emission factor (g/kWh)

4
e 6 0o o

heat bonus - NGB

g

200- power bonus

price
0 100 200 300
heat emission factor (g/kWh)

Figure 2: Nominal values - Emission factors

In this case, the power-to-heat ratio is no longer the only parameter, as both thermal efficiency and
electrical efficiency have an impact on the emission factor, given the fact that each unit has the same type
of fuel input (i.e. natural gas, with an emission factor set to 201 g/kWh). Even in this case the power bonus
and heat bonus methodologies lead to different trends, i.e. fixed emission factors for heat in the case of heat
bonus and for electricity in the case of power bonus. However, the saturation to 1 of the allocation factor in
the power bonus already discussed for Figure [1| leads to a null emission factor for heat, and a consequently
variable power emission factor, driven by the electric efficiency variation.

The other methods have proportional variations, and the higher emissions are related to gas turbines,
which are generally the less efficient units in the group considered for this study. The emissions factors for
electricity are in the range 180-600 g/kWh, and for heat they vary from 0 to 320 g/kWh. The asymmetry
between the two types of outputs already discussed above emerges clearly from these results.

3.2. Case 2 - Annual values

The second step of this analysis is the evaluation of how the different operation logics of CHP units of the
same technology can lead to variable allocation factors when considering the annual average operation. The

9
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data comes from around 120 units connected to Italian DH networks, having similar purposes (i.e. mostly
space heating) but with some differences.

The allocation factors distributions are reported in Figure [3] differentiated for the methodology that
has been used. The histograms have been reported together with the probability density function to give a
better representation of each distribution.

electricity allocation factor
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

Method

10- alt. gen. — HP
=== alt. gen. - NGB
=== energy

= exergy

count

‘ === heat bonus - HP
5 -

=== heat bonus - NGB

l power bonus

price
A .

0- >
00 01 02 03 04 05 06 07 08 09 10
heat allocation factor

Figure 3: Annual values - Allocation factors

The plot of Figure [3 highlights both the variability between methodologies, but also the variability that
occurs inside each methodology. While the first aspect has been already discussed in the previous case study,
the second was less clear when considering nominal indicators. The distributions are all comparable, with
the power bonus and heat bonus being more scattered, and the exergy method leading to more concentrated
results, i.e. being less influenced by the internal parameters of each system. It has to be mentioned that the
exergy has been calculated with reference to the design values of the supply and return heat temperatures
of the DH networks, reported by the owners, as actual average annual temperatures were not available as a
precise measurement.

The allocation factors are distributed in a similar range that the one of Figure |1, with a saturation to
ap = 1 for the power bonus method in few systems. However, in this second case the results’ distributions
are more mixed, but the median values are in the same order compared to Figure

Figure [] reports the application of the allocation factors for the calculation of the COy emission factors.
The results are comparable to the nominal results obtained in Figure 2] However, some particular aspects
can be highlighted:

e The general distribution of the values shows a slightly worst performance than for nominal conditions,
in accordance to common practice. This aspect is more noticeable for the emission factor of heat, as
the engines are usually driven in power priority.

e There are remarkable outliers on both ends of the distributions, which represent CHP units with very
low or very high performance with respect to the average. Considering the power bonus method, only
few systems reach a null emission factor for heat, due to the fact that natural gas engines are usually
having an annual electric efficiency lower than the reference value of 41%.

e The fact that the lines are crossing each other means that for some methodologies the results are
comparable, and there is not a fixed order of methodologies in the results.

10
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Figure 4: Annual values - Emission factors

3.8. Case 3 - Hourly values

The third step of the analysis is focused on a single CHP unit, but considering the different operation
conditions throughout the year, i.e. hourly values have been considered. The choice of selecting a NGCC
unit has been done to present a different technology than the one of the previous case (i.e. natural gas
engines).

Figure 5| reports the boxplots of the values for each methodology. Due to the particular technology, with
very high power-to-heat ratio and electrical efficiency, the power bonus methods leads almost always to a
saturation to ag = 1. These aspects also lead to very high values of electricity allocation factors for all the
methodologies considered, giving a rather different picture than for the combustion engines reported in the
previous case. However, the differences among methodologies remain similar to the previous case, but they
are all shifted towards higher electricity allocation factors.
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Figure 5: Hourly values - Allocation factors

The calculation of CO5 emission factors is reported in Figure [f] With respect to the values previously
obtained for engines, the range of CO2 emission factor for electricity is reduced to 180-475 g/kWh, while for
heat it can reach values as high as 600 g/kWh for the energy price methodology. This last effect is related
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to the combined effect of a high allocation factor to heat and a low thermal efficiency: the largest share of
CO; emissions is allocated to a small amount of heat output, leading to high specific emission factors.

Some outliers are noticeable from the plot. These values may refer to startup/shutdown procedures
that have been erroneously reported as regular operation by the CEMS. Also in this case there are some
intersections between the ”proportional” methodologies and the ”fixed” methodologies.
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3.4. Sensitivity analysis

A sensitivity analysis has been performed to evaluate the effect of some external parameters on the
calculation of the allocation factors. With reference to Case 2 (i.e. annual operation values of natural gas
engines) the variation of the efficiency in electricity and heat separate production has been applied to the
relevant methodologies.

Figure[7]reports the effect of the increase of the electricity separate production efficiency on the allocation
factors. For each methodology, the median and the lower and upper quartiles values have been reported.
The vertical dashed line represents the value that has been used in the previous calculations. A generalized
decrease of the electricity allocation factor along with the increase of the electricity separate production
efficiency value is noticeable for all the methods. The power bonus method appears to be the most affected,
being its steepness higher than the alternative generation method, both considering natural gas boilers and
heat pumps as heat separate production technology.

The higher the reference efficiency value for separate electricity production, the lower the ”bonus” of
primary energy consumption in the heat allocation factor calculation, resulting in its increase. For electricity
efficiency values higher than 53% the median values for the power bonus method are as lower than the ones
of the alternative generation method.

Moreover, for electricity efficiency values lower than 38% a ”saturation” phenomenon is clearly noticeable:
as the analyzed units are producing electricity with an higher efficiency than the reference value, all the
primary energy is allocated to the electricity production. As already discussed in the previous sections for
combined cycles, this phenomenon leads to considering the heat production with virtually no impact. The
consequences of this phenomenon will be further discussed in the following section.

A similar sensitivity analysis can be performed on the heat separate production efficiency, with some
similar aspects and some significant differences. Figure [§| reports the effect of the variation of heat separate
production efficiency on the alternative generation method and on the heat bonus method.

A similar pattern of the one described for electric efficiency sensitivity can be remarked. The higher the
heat separate production efficiency (which is virtually higher than 100% due to the effect of the heat pumps’
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0  COP), the lower the heat allocation factor. In the range of efficiency values considered in this analysis the

results of the heat bonus method are not reaching the values of the alternative generation method, as instead
happened in the previous plot.
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Figure 8: Sensitivity analysis - Heat separate production efficiency

In this second case, the heat bonus method has never "saturation” issues, as the heat efficiency in CHP
units is always much lower than the efficiency in separate heat production, which is not the case for electricity.

s 4. Discussion

The results described in the previous sections highlight the variability of the allocation factors based on
multiple drivers, among which the CHP technology, the allocation method, the operating conditions and
the reference values for separate production efficiency. This fact confirms the complexity of determining the
existence of an optimal methodology, as several aspects must be discussed. Moreover, the allocation factors

a0 should also be analyzed by considering their use and applications, especially when defining indicators related
to the output energy flows.
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The proper definition of allocation factors has an impact on the interaction of the CHP systems (and
more generally multigeneration systems) in the energy planning and policy making. In the framework of
energy and climate targets aiming at reducing primary energy consumption and CO4 emissions, the combined
production of multiple energy carriers should be properly evaluated to avoid being penalized by the methods
that are primarily defined for separate production of energy vectors.

The current standard in the European Union is the power bonus method, which is proposed by the EU
Commission in the EN 15316:2017 to calculate the primary energy factor and the CO5 emission factor for
the heat supplied to the users of district heating networks. However, as remarked in the considered case
studies, when a given system in CHP operation shows an electric efficiency higher than the reference value
for separate production, the allocation factor for heat is set to null, i.e. all the resources/emissions are
allocated to the electricity production. This choice can have significant consequences when the indicators
calculated for heat need to be compared with other technologies or other systems. An amount of heat that
has virtually no impacts can lead to significant distortions in policy making or energy planning.

A real case is the calculation of primary energy factors of heat produced in district heating systems: in
the case of high efficiency CHP units the primary energy factor of the heat could eventually reach zero. In
this case, the comparison with other heat generation technologies can push towards the choice of DH network
just because its primary energy consumption is totally charged to power production. On the other hand, a
reference to alternative generation solutions is useful to consider any CHP unit in its proper context, as the
choice of any energy production technology cannot be properly evaluated without taking into account the
available alternatives. Considering this aspect, the alternative generation method shows probably a better
allocation for the cases considered in this study.

However, while the choice of the methodology is important, the results obtained from the power bonus,
heat bonus and alternative generation methods are strongly affected by the reference values for separate
production efficiency of heat and power. As reported in the sensitivity analysis, a proper choice of the
reference electricity production efficiency could avoid the ”saturation” effect. However, the choice of the
proper value is non-trivial. In some applications aiming at evaluating the performance of specific CHP
technologies, such a reference value should be differentiated based on the available energy source, as done
for example when calculating the PES indicator for CHP units (i.e. the Primary Energy Savings indicator,
see [28]). This would lead to a better analysis for fuels that show lower efficiencies than natural gas (e.g.
solid biomass or waste). On the other hand, in applications in which different sources need to be compared
(e.g. the calculation of indicators related to the output that is produced) a single reference value appears
to be a more coherent choice.

Another aspect that is worth mentioning is the time resolution of the analysis. Although these allocation
methods can be applied potentially to any time resolution, attention must be paid on the significance of
the results in relation with the specific application that needs to be pursued. The comparison of different
units and/or technologies is probably better performed by considering nominal or annual operation values,
whereas a more detailed analysis on a single unit can be useful to highlight specific patterns or to define the
interactions of the output energy flows with other connected processes.

5. Conclusions

This paper presents an application of different methods to calculate the allocation factors of Combined
Heat and Power units, with the aim of providing useful insights on the main features of the different
methodologies and the effects of their choice. Some indications can be derived from the results of this
research work:

e The choice of the methodology is an important aspect, as the allocation factors to heat and power that
are obtained from the calculations show a significant variability driven by the methodology. The results
presented in this study, which are based on a range of technologies that use natural gas as energy source,
suggests that some methods generally provide allocation factors shifted towards electricity production
(e.g. exergy and power bonus methods), whereas other are generally more near the middle (e.g. energy
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method). These evaluations are valid for technologies with a good electric efficiency, while the results
could be different in cases with very low power-to-heat ratios (e.g. some ORC units).

e Besides the choice of the methodology, both internal and external parameters have an effect on the

allocation factors. The main impact is due to the features of the CHP unit itself, i.e. its electric and
thermal efficiencies, and the ratio among these two values that is generally defined as power-to-heat
ratio. The external drivers are peculiar for each method, but the main are the reference efficiency
values for separate heat and electricity generation.

e The power bonus method, which is defined as a standard in EU countries, shows a ”saturation”

effect for CHP units that have an electric efficiency higher than the reference efficiency for separate
production: in this case the allocation factor for heat is set to zero, i.e. all the resources and impacts
are being allocated to the electricity production. The consequence of this phenomenon is the heat
being ”primary-energy-free” and ”emissions-free”, which results in a bias in the comparison with other
generation technologies. The same phenomenon could in theory happen also with the heat bonus
method, but in this case the heat reference efficiency is always higher than the achievable thermal
efficiency of the CHP unit.

e The results of the sensitivity analysis show that the reference efficiency values have an impact also

on the alternative generation method, but with a lower impact that for power bonus and heat bonus
methods. The other approaches are not affected by these parameters. The only method that is not
related to any external parameter is the energy method, which has the drawback of applying the same
weight to heat and power production. This limit can be solved by using the erergy method, but
additional information is required on the supply and return temperatures of the heat.

e Finally, it had to be mentioned that the results of this work, which are focused on combined heat and

power, can be extended to a more general concept of multi-output energy systems, as the discussion
on the qualitative aspects remains valid.

In conclusion, attention must be paid on a proper choice of the methodology as well as of the reference

parameters that are used for the definition of the allocation factors in CHP systems. The policy makers
should evaluate all the possible range of operation conditions to avoid potential issues and conflicts between
CHP systems and the other energy conversion units. An usual application is the heat supply to DH networks,
in which the operation of CHP units is often compared to alternative technologies to define performance
indicators for the heat supplied to the final users.

References

(1]

2]

(3]

(4]

(5]

H. Lund, P. A. Ostergaard, D. Connolly, B. V. Mathiesen, Smart energy and smart energy systems, Energy 137 (2017)
556 — 565. [doi:https://doi.org/10.1016/j.energy.2017.05.123.

URL http://wuw.sciencedirect.com/science/article/pii/S0360544217308812

M. F. Torchio, Comparison of district heating chp and distributed generation chp with energy, environmental and economic
criteria for northern italy, Energy Conversion and Management 92 (Supplement C) (2015) 114 — 128. doi:10.1016/j.
enconman.2014.12.052.

URL http://www.sciencedirect.com/science/article/pii/S0196890414010917

M. Noussan, M. Jarre, R. Roberto, D. Russolillo, Combined vs separate heat and power production — primary energy
comparison in high renewable share contexts, Applied Energy 213 (2018) 1-10. doi:10.1016/j.apenergy.2018.01.026/
U. Qakir, K. Comakli, F. Yiiksel, The role of cogeneration systems in sustainability of energy, Energy Conversion and
Management 63 (2012) 196 — 202, 10th International Conference on Sustainable Energy Technologies (SET 2011). doi:
10.1016/j.enconman.2012.01.041.

URL http://wuw.sciencedirect.com/science/article/pii/S0196890412001264

S. Moradi, R. Ghaffarpour, A. M. Ranjbar, B. Mozaffari, Optimal integrated sizing and planning of hubs with midsize/large
chp units considering reliability of supply, Energy Conversion and Management 148 (2017) 974 — 992. doi:https://doi.
org/10.1016/j.enconman.2017.06.008.

URL http://wuw.sciencedirect.com/science/article/pii/S0196890417305514

15


http://www.sciencedirect.com/science/article/pii/S0360544217308812
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.05.123
http://www.sciencedirect.com/science/article/pii/S0360544217308812
http://www.sciencedirect.com/science/article/pii/S0196890414010917
http://www.sciencedirect.com/science/article/pii/S0196890414010917
http://www.sciencedirect.com/science/article/pii/S0196890414010917
http://dx.doi.org/10.1016/j.enconman.2014.12.052
http://dx.doi.org/10.1016/j.enconman.2014.12.052
http://dx.doi.org/10.1016/j.enconman.2014.12.052
http://www.sciencedirect.com/science/article/pii/S0196890414010917
http://dx.doi.org/10.1016/j.apenergy.2018.01.026
http://www.sciencedirect.com/science/article/pii/S0196890412001264
http://dx.doi.org/10.1016/j.enconman.2012.01.041
http://dx.doi.org/10.1016/j.enconman.2012.01.041
http://dx.doi.org/10.1016/j.enconman.2012.01.041
http://www.sciencedirect.com/science/article/pii/S0196890412001264
http://www.sciencedirect.com/science/article/pii/S0196890417305514
http://www.sciencedirect.com/science/article/pii/S0196890417305514
http://www.sciencedirect.com/science/article/pii/S0196890417305514
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.06.008
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.06.008
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.06.008
http://www.sciencedirect.com/science/article/pii/S0196890417305514

490

495

500

505

510

515

520

525

530

535

540

545

550

(6]

(8]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17)

(18]

(19]
20]
21]

(22]

(23]

24]

L. Urbanucci, D. Testi, Optimal integrated sizing and operation of a chp system with monte carlo risk analysis for long-
term uncertainty in energy demands, Energy Conversion and Management 157 (2018) 307 — 316. |doi:https://doi.org/
10.1016/j.enconman.2017.12.008.

URL http://wuw.sciencedirect.com/science/article/pii/S0196890417311597

A. Franco, M. Versace, Multi-objective optimization for the maximization of the operating share of cogeneration system
in district heating network, Energy Conversion and Management 139 (2017) 33 — 44. /doi:http://doi.org/10.1016/j.
enconman.2017.02.029.

URL http://www.sciencedirect.com/science/article/pii/S0196890417301334

P. Li, N. Nord, I. S. Ertesvag, Z. Ge, Z. Yang, Y. Yang, Integrated multiscale simulation of combined heat and power
based district heating system| Energy Conversion and Management 106 (2015) 337 — 354. doi:https://doi.org/10.1016/
j.enconman.2015.08.077.

URL http://wuw.sciencedirect.com/science/article/pii/S0196890415008316

H. Karami, M. Sanjari, H. Gooi, G. Gharehpetian, J. Guerrero, Stochastic analysis of residential micro combined heat and
power system, Energy Conversion and Management 138 (2017) 190 — 198. doi:https://doi.org/10.1016/j.enconman.
2017.01.073.

URL http://wuw.sciencedirect.com/science/article/pii/S0196890417300882

L. F. Fuentes-Cortés, J. M. Ponce-Ortega, V. M. Zavala, |Balancing stakeholder priorities in the operation of com-
bined heat and power systems, Applied Thermal Engineering 128 (2018) 480 — 488. doi:https://doi.org/10.1016/
j-applthermaleng.2017.09.052.

URL http://wuw.sciencedirect.com/science/article/pii/S1359431117335123

J. Haakana, V. Tikka, J. Lassila, J. Partanen, Methodology to analyze combined heat and power plant operation consid-
ering electricity reserve market opportunities, Energy 127 (2017) 408 — 418. /doi:https://doi.org/10.1016/j.energy.
2017.03.134.

URL http://wuw.sciencedirect.com/science/article/pii/S0360544217305273

M. A. Rosen, Allocating carbon dioxide emissions from cogeneration systems: descriptions of selected output-based
methods, Journal of Cleaner Production 16 (2) (2008) 171 — 177, papers selected from the 7th conference - Pro-
cess Integration, Modelling and Optimisation for Energy Saving and Pollution Reduction- PRES 2004. doi:https:
//doi.org/10.1016/j.jclepro.2006.08.025,

URL http://wuw.sciencedirect.com/science/article/pii/S0959652606003362

R. G. dos Santos, P. R. de Faria, J. J. Santos, J. A. da Silva, D. Flérez-Orrego, Thermoeconomic modeling for co2
allocation in steam and gas turbine cogeneration systems, Energy 117 (2016) 590 — 603, the 28th International Conference
on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy Systems - ECOS 2015. doi:http:
//dx.doi.org/10.1016/7.energy.2016.04.019.

URL http://wuw.sciencedirect.com/science/article/pii/S036054421630425X

J. A. M. da Silva, J. J. C. S. Santos, M. Carvalho, S. de Oliveira Jr., On the thermoeconomic and {LCA} methods
for waste and fuel allocation in multiproduct systems, Energy 127 (2017) 775 — 785. |doi:https://doi.org/10.1016/j.
energy.2017.03.147.

URL http://wuw.sciencedirect.com/science/article/pii/S0360544217305406

Z. Wang, W. Han, N. Zhang, M. Liu, H. Jin, Exergy cost allocation method based on energy level (ecael) for a {CCHP}
system, Energy (2017) —-doi:https://doi.org/10.1016/j.energy.2017.06.015.

URL http://wuw.sciencedirect.com/science/article/pii/S0360544217310071

T. Tereshchenko, N. Nord, Uncertainty of the allocation factors of heat and electricity production of combined cycle power
plant, Applied Thermal Engineering 76 (2015) 410 — 422. |doi:https://doi.org/10.1016/j.applthermaleng.2014.11.019.
URL http://wuw.sciencedirect.com/science/article/pii/S1359431114010175

H. Holmberg, M. Tuomaala, T. Haikonen, P. Ahtila, Allocation of fuel costs and co2-emissions to heat and power in
an industrial chp plant: Case integrated pulp and paper mill, Applied Energy 93 (2012) 614 — 623, (1) Green Energy;
(2)Special Section from papers presented at the 2nd International Enery 2030 Conf. doi:http://dx.doi.org/10.1016/j.
apenergy.2011.11.040.

URL http://www.sciencedirect.com/science/article/pii/S0306261911007379

J. Zschernig, T. Sander, Evaluation methods: Chp electricity - what is that? [bewertungsmethode: Kwk-strom - was ist
das?], Euroheat and Power/Fernwarme International 36 (6) (2007) 26-36.

URL https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=
68736930c333e£85d832798095873804

General Electric Power, |Jenbacher type 6 product specifications, Tech. rep., (Accessed: May 2018) (2018).

URL https://www.ge.com/power/gas/reciprocating-engines/jenbacher/type-6

General Electric Power, |[Jenbacher type 3 product specifications, Tech. rep., (Accessed: May 2018) (2018).

URL https://www.ge.com/power/gas/reciprocating-engines/jenbacher/type-3

Capstone, (C1000s product specifications, Tech. rep., (Accessed: May 2018) (2018).

URL https://www.capstoneturbine.com/products/c1000s

Siemens, |Gas turbine sgt-800 specifications, Tech. rep., (Accessed: April 2018) (2017).

URL https://wuw.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/power-and-gas/Gas/
20Turbines/smallgasturbines/industrial-gas-turbines/sgt-800/sgt-800-factsheet-2017.pdf

DOE, |Gas turbines (doe chp technology fact sheet series) — fact sheet, Tech. rep., (Accessed: May 2018) (2016).

URL https://www.energy.gov/sites/prod/files/2016/09/£33/CHP-Gas’20Turbine. pdf

US Environmental Protection Agency, Catalog of chp technologies - section 6. technology characterization - fuel cells,

16


http://www.sciencedirect.com/science/article/pii/S0196890417311597
http://www.sciencedirect.com/science/article/pii/S0196890417311597
http://www.sciencedirect.com/science/article/pii/S0196890417311597
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.12.008
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.12.008
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.12.008
http://www.sciencedirect.com/science/article/pii/S0196890417311597
http://www.sciencedirect.com/science/article/pii/S0196890417301334
http://www.sciencedirect.com/science/article/pii/S0196890417301334
http://www.sciencedirect.com/science/article/pii/S0196890417301334
http://dx.doi.org/http://doi.org/10.1016/j.enconman.2017.02.029
http://dx.doi.org/http://doi.org/10.1016/j.enconman.2017.02.029
http://dx.doi.org/http://doi.org/10.1016/j.enconman.2017.02.029
http://www.sciencedirect.com/science/article/pii/S0196890417301334
http://www.sciencedirect.com/science/article/pii/S0196890415008316
http://www.sciencedirect.com/science/article/pii/S0196890415008316
http://www.sciencedirect.com/science/article/pii/S0196890415008316
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2015.08.077
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2015.08.077
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2015.08.077
http://www.sciencedirect.com/science/article/pii/S0196890415008316
http://www.sciencedirect.com/science/article/pii/S0196890417300882
http://www.sciencedirect.com/science/article/pii/S0196890417300882
http://www.sciencedirect.com/science/article/pii/S0196890417300882
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.01.073
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.01.073
http://dx.doi.org/https://doi.org/10.1016/j.enconman.2017.01.073
http://www.sciencedirect.com/science/article/pii/S0196890417300882
http://www.sciencedirect.com/science/article/pii/S1359431117335123
http://www.sciencedirect.com/science/article/pii/S1359431117335123
http://www.sciencedirect.com/science/article/pii/S1359431117335123
http://dx.doi.org/https://doi.org/10.1016/j.applthermaleng.2017.09.052
http://dx.doi.org/https://doi.org/10.1016/j.applthermaleng.2017.09.052
http://dx.doi.org/https://doi.org/10.1016/j.applthermaleng.2017.09.052
http://www.sciencedirect.com/science/article/pii/S1359431117335123
http://www.sciencedirect.com/science/article/pii/S0360544217305273
http://www.sciencedirect.com/science/article/pii/S0360544217305273
http://www.sciencedirect.com/science/article/pii/S0360544217305273
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.03.134
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.03.134
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.03.134
http://www.sciencedirect.com/science/article/pii/S0360544217305273
http://www.sciencedirect.com/science/article/pii/S0959652606003362
http://www.sciencedirect.com/science/article/pii/S0959652606003362
http://www.sciencedirect.com/science/article/pii/S0959652606003362
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2006.08.025
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2006.08.025
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2006.08.025
http://www.sciencedirect.com/science/article/pii/S0959652606003362
http://www.sciencedirect.com/science/article/pii/S036054421630425X
http://www.sciencedirect.com/science/article/pii/S036054421630425X
http://www.sciencedirect.com/science/article/pii/S036054421630425X
http://dx.doi.org/http://dx.doi.org/10.1016/j.energy.2016.04.019
http://dx.doi.org/http://dx.doi.org/10.1016/j.energy.2016.04.019
http://dx.doi.org/http://dx.doi.org/10.1016/j.energy.2016.04.019
http://www.sciencedirect.com/science/article/pii/S036054421630425X
http://www.sciencedirect.com/science/article/pii/S0360544217305406
http://www.sciencedirect.com/science/article/pii/S0360544217305406
http://www.sciencedirect.com/science/article/pii/S0360544217305406
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.03.147
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.03.147
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.03.147
http://www.sciencedirect.com/science/article/pii/S0360544217305406
http://www.sciencedirect.com/science/article/pii/S0360544217310071
http://www.sciencedirect.com/science/article/pii/S0360544217310071
http://www.sciencedirect.com/science/article/pii/S0360544217310071
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.06.015
http://www.sciencedirect.com/science/article/pii/S0360544217310071
http://www.sciencedirect.com/science/article/pii/S1359431114010175
http://www.sciencedirect.com/science/article/pii/S1359431114010175
http://www.sciencedirect.com/science/article/pii/S1359431114010175
http://dx.doi.org/https://doi.org/10.1016/j.applthermaleng.2014.11.019
http://www.sciencedirect.com/science/article/pii/S1359431114010175
http://www.sciencedirect.com/science/article/pii/S0306261911007379
http://www.sciencedirect.com/science/article/pii/S0306261911007379
http://www.sciencedirect.com/science/article/pii/S0306261911007379
http://dx.doi.org/http://dx.doi.org/10.1016/j.apenergy.2011.11.040
http://dx.doi.org/http://dx.doi.org/10.1016/j.apenergy.2011.11.040
http://dx.doi.org/http://dx.doi.org/10.1016/j.apenergy.2011.11.040
http://www.sciencedirect.com/science/article/pii/S0306261911007379
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=68736930c333ef85d832798095873804
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=68736930c333ef85d832798095873804
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=68736930c333ef85d832798095873804
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=68736930c333ef85d832798095873804
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=68736930c333ef85d832798095873804
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34848814177&partnerID=40&md5=68736930c333ef85d832798095873804
https://www.ge.com/power/gas/reciprocating-engines/jenbacher/type-6
https://www.ge.com/power/gas/reciprocating-engines/jenbacher/type-6
https://www.ge.com/power/gas/reciprocating-engines/jenbacher/type-3
https://www.ge.com/power/gas/reciprocating-engines/jenbacher/type-3
https://www.capstoneturbine.com/products/c1000s
https://www.capstoneturbine.com/products/c1000s
https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/power-and-gas/Gas%20Turbines/smallgasturbines/industrial-gas-turbines/sgt-800/sgt-800-factsheet-2017.pdf
https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/power-and-gas/Gas%20Turbines/smallgasturbines/industrial-gas-turbines/sgt-800/sgt-800-factsheet-2017.pdf
https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/power-and-gas/Gas%20Turbines/smallgasturbines/industrial-gas-turbines/sgt-800/sgt-800-factsheet-2017.pdf
https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/power-and-gas/Gas%20Turbines/smallgasturbines/industrial-gas-turbines/sgt-800/sgt-800-factsheet-2017.pdf
https://www.energy.gov/sites/prod/files/2016/09/f33/CHP-Gas%20Turbine.pdf
https://www.energy.gov/sites/prod/files/2016/09/f33/CHP-Gas%20Turbine.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_6._technology_characterization_-_fuel_cells.pdf

555

560

[25]
[26]

27)

(28]

Tech. rep., (Accessed: April 2017) (2015).

URL |https://www.epa.gov/sites/production/files/20156-07/documents/catalog_of_chp_technologies_section_6.
_technology_characterization_-_fuel_cells.pdf

AIRU, Il Riscaldamento Urbano - Annuario 2016, Tecnedit s.r.l., 2016.

M. Noussan, Performance indicators of district heating systems in italy — insights from a data analysis, Applied Thermal
Engineering 134 (2018) 194-202. doi:10.1016/j.applthermaleng.2018.01.125|

M. Noussan, Performance based approach for electricity generation in smart grids, Applied Energy 220 (2018) 231 — 241.
doi:https://doi.org/10.1016/j.apenergy.2018.03.092.

URL http://wuw.sciencedirect.com/science/article/pii/S0306261918304318

D. Gvozdenac, B. G. Urosevi¢, C. Menke, D. Urosevié¢, A. Bangviwat, High efficiency cogeneration: Chp and non-chp
energy, Energy 135 (2017) 269 — 278. doi:https://doi.org/10.1016/j.energy.2017.06.143.

URL http://www.sciencedirect.com/science/article/pii/S0360544217311428

17


https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_6._technology_characterization_-_fuel_cells.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_6._technology_characterization_-_fuel_cells.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_6._technology_characterization_-_fuel_cells.pdf
http://dx.doi.org/10.1016/j.applthermaleng.2018.01.125
http://www.sciencedirect.com/science/article/pii/S0306261918304318
http://dx.doi.org/https://doi.org/10.1016/j.apenergy.2018.03.092
http://www.sciencedirect.com/science/article/pii/S0306261918304318
http://www.sciencedirect.com/science/article/pii/S0360544217311428
http://www.sciencedirect.com/science/article/pii/S0360544217311428
http://www.sciencedirect.com/science/article/pii/S0360544217311428
http://dx.doi.org/https://doi.org/10.1016/j.energy.2017.06.143
http://www.sciencedirect.com/science/article/pii/S0360544217311428

	Introduction
	Methodology
	Allocation factors methodologies
	Energy methodology
	Exergy methodology
	Power bonus
	Heat bonus
	Alternative generation
	Price
	Other methodologies

	Synthesis of influencing parameters
	Case studies
	Case 1: Different technologies and nominal performance
	Case 2: Operation data of natural gas engines connected to DH networks
	Case 3: Hourly analysis on a single unit

	Sensitivity analysis

	Results
	Case 1 - Nominal values
	Case 2 - Annual values
	Case 3 - Hourly values
	Sensitivity analysis

	Discussion
	Conclusions

