Energy 44 (2012) 1107—1120

—

Contents lists available at SciVerse ScienceDirect

Energy

journal homepage: www.elsevier.com/locate/energy _ )

Novel approach for fair allocation of primary energy consumption among
cogenerated energy-intensive products based on the actual local area production

scenario

Gian Paolo Beretta®*, Paolo lora?, Ahmed F. Ghoniem

b

2 Department of Mechanical and Industrial Engineering, Universita di Brescia, via Branze 38, 25123 Brescia, Italy
b pepartment of Mechanical Engineering, Massachusetts Institute of Technology, 77 Mass. Ave., Cambridge, MA 02139, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 29 December 2011
Received in revised form

20 April 2012

Accepted 20 April 2012
Available online 2 June 2012

Keywords:

Cogeneration regulation
Multi-generation

Primary energy factors

Allocation methods in cogeneration

Multi-generation facilities are almost always part of a local production scenario, i.e., a local area (district,
city, regional, national, interstate) energy system providing end users with electricity, residential heating
or air-conditioning, industrial process steam, desalinated water, and/or other energy-intensive products.
Because of the growth of energy consumption and environmental concerns, local, national, and inter-
national regulations and standards tend to incorporate and enforce methods for energy and environ-
mental rating of the end uses of primary energy. Important to such methods, is the definition of fair
criteria to allocate fuel consumption among cogenerated products. Allocation based on prescribed
primary energy factors for each product corresponding to the average efficiencies of separate production
facilities may result in unfair figures and inconsistencies which become increasingly important as
cogeneration gains higher fractions of the local energy market. To overcome this problem, we propose
a slightly more elaborate, but self-consistent method whereby the allocation is adaptive and self-tuned
to the local energy scenario. For heat and power cogeneration, we propose to allocate fuel consumption
on the basis of the average primary energy factors for electricity and heat in the given local area including
the cogeneration facility of interest. We call it the Self-Tuned Average-Local-Productions Reference

(STALPR) method.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The question of how fuel consumption should be allocated
between the different energy products of a cogeneration or multi-
generation facility has deep roots in the history of Thermody-
namics. For example, in the 1930s it prompted Keenan [1—3] and
others (see [4] for a full set of references and an historical
perspective) to develop the general concept of thermodynamic
availability today better known as exergy.

In recent years, the same question has reached the legislating
agenda of national and international energy agencies in charge of
regulating local energy planning and policymaking using free
energy market mechanisms. For example, the 2007 European
standard EN 15316-4-5 [5] provides a method for comparing and
rating the efficiencies of different residential heating systems,
including small and large cogeneration-based district heating
systems [6,7]. In a growing number of countries, the energy (and
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environmental impact) rating of a residential building is mandatory
in any transaction, thus affecting its economic value and permit
process.

Companies and government agencies have adopted various
methods to allocate the primary energy consumption of an energy
facility between its different products. Often the same allocation
scheme is adopted also to allocate carbon dioxide and other
emissions among the different products. Fuel consumption has
been allocated in proportion to energy, exergy, economic value of
the products as well on the basis of a prescribed reference scenario
of separate productions [8—19]. A comprehensive review of the
rationale of such allocation schemes and their relevant implications
can be found in [9]. So far, none of these methods has obtained
“universal” acceptance. The practical need for a method that allo-
cates fuel savings obtained via cogeneration in a fair way, calls for
further rational analysis [9,16,20].

Recent regulations are shifting from allocation based on the
incremental fuel consumption with respect to either the produc-
tion of electricity only or of heat only, to allocation based on sharing
the fuel savings on the basis of prescribed primary energy factors
for electricity and heat usually corresponding to the average
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efficiencies of separate production facilities. The latter allocation
method is fairer than the former in that it attempts to assign a fair
share of the cogeneration benefits to both cogenerated products, as
opposed to just one of the two. However, it does so with respect to
a prescribed reference set of separate production efficiencies, and
as a result the method results in unfair, distorted figures arising
from an inconsistency which becomes increasingly important as
cogeneration gains higher fractions of the energy market in a given
local area.

In this paper, we present a self-consistent method in which the
allocation parameters are self-tuned by taking into account the
energy scenario of the given local area of interest. We consider this
approach a contribution towards a “fairer” representation of the
shares of fuel consumption with respect to the procedure followed
in EN 15316-4-5 [5] based on the standard separate productions
scenario. As noted in [21], in view of the broad economic impact of
such regulations, if the regulatory principles overlook the “fairness”
issue, they may result in market distortions which may for example
improperly discourage investments in district heating systems fed
by combined heat and power systems.

Finally, we emphasize that, although this paper focuses on heat
and power cogeneration, the principle of self-tuning via average-
local area parameters we introduce in order to obtain a “fair”
allocation scheme can be readily generalized to deal with any
different mix of products of a generic polygeneration facility, such
as, for example, the case of combined production of power and
desalinated water [22—25] and any other multi-product systems
typically considered in Life Cycle Analysis [26,27]. Most impor-
tantly, as we will argue in a forthcoming paper, this methodology
may assume particular relevance if applied to the allocation criteria
for carbon dioxide, considering that the EU Commission is revising
the regulatory principles guiding the development of the EU
emission allowance trading scheme [21,28,29].

Wherever possible, we adopt a notation as close as possible to
that used in EN 15316-4-5 [5].

The paper is organized as follows. In Section 2, we define the
“allocation problem”, review the available methods to define
primary energy factors of cogenerated products, and discuss their
drawbacks. In Section 3, we propose a method to overcome such
drawbacks, first for the simplest case of a local area with only one
cogeneration power plant, then for a general case with multiple
cogeneration facilities. In Section 4, we analyze the results obtained
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using the new method for a particular heat and power example and
compare them with the results obtained using the traditional
methods. In Section 5, we further generalize the formulation to
define the proposed fair allocation of primary energy consumption
in multiple facilities of combined production of multiple goods. In
Section 6, we draw our conclusions. In the Appendix, we provide
a detailed analysis of the interrelations between the key parame-
ters of the proposed method in the simplest case of only one
cogeneration facility, showing how the differences between our
allocation scenario and the traditional one grow as cogeneration
takes higher shares of the local energy production.

2. Allocation problem definition

Current regulations originated when cogeneration (or combined
heat and power, CHP) was in its early stages of penetration in the
energy market, and cogenerated heat and electricity were still
minor fractions of the overall heat and electricity production in
a given system. To fix ideas, in this section we consider a single-fuel
CHP facility that on a yearly basis consumes Egcp of fuel energy
(based on lower heating value) and delivers Eejcnp of electrical
energy and Eqcnp of thermal energy through a district heating
network. We assume that the CHP facility is part of a certain area —
that we call the local area of interest — in which the heat and power
needs are supplied by n separate production electricity plants and
m separate production heat plants. A sketch of the local area of
interest and the power plants included therein is represented in
Fig. 1.

For the cogeneration plant, we denote by fejchp the primary
energy factor for the cogenerated electricity, fochp the primary
energy factor for the cogenerated thermal energy, and by ffcpp the
primary energy factor for the fuel used by the facility. Similarly, for
the i-th separate production facilities we denote by fej sep,i and fg,sep,i,
respectively, the primary energy factors for the separately-produced
electricity and thermal energy, and by freisepi and frosepi the
primary energy factor for the fuel used by the respective facility.

We recall that the “primary energy factor” of a given good is
defined as the amount of primary energy that is currently
consumed to produce a unit amount of that good, taking into
consideration all processes in its life cycle. For example, the primary
energy factor of electricity in the US in 1967 was estimated to be 3.8
[30], Directive 2006/32/EC proposed a value of 2.5 based on average
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Fig. 1. Schematic representation of a local area of interest with a single cogeneration facility.
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European production efficiency in 2003, but also suggested that
a very different figure may apply for nations with high percentage
of hydroelectricity or nuclear power; EN 15316-4-5 [5] suggests 2.8.
Again, the primary energy factor suggested for natural gas deliv-
ered at power plant inlet in Europe is 1.1 [5], to take into account
the pumping power expenditure for long-distance pipelining,
which accounts for a primary energy consumption of about 10%
that of the transported gas.

For instance, in the case of a separate production power plant
that converts the fuel energy Egelsep (based on lower heating value)
into electrical energy Egsep , the primary energy factor for elec-
tricity is defined by

f | _ fF,el,sepEF,el,sep
ehsep Eel,sep

where ffe| sep is the primary energy factor for the fuel used by the
power plant. As indicated in Fig. 1, we may also write this relation as
felsepEelsep = frelsepErelsep- Of course, the primary energy factor
fersep is related to the energy conversion efficiency neisep of the
power plant, defined as the ratio Mey,sep = Eelsep/EEelsep, therefore,

fel ep = fF,el‘sep
Sep T]el,sep

Similarly, in the case of a separate production heat facility that
converts the fuel chemical energy Egeisep (based on the lower
heating value) into thermal energy Eqsep, the primary energy factor
for heat is defined by

f o fF‘Q,sep]'EF‘Q,sep
Q.sep — 7EQ sep

where fqsep is the primary energy factor for the fuel used by the
heat facility. As indicated in Fig. 1, we may also write this relation as
fosepEQsep =fFQ.sepEFQsep- Of course, for a heat facility consisting of
a furnace, the primary energy factor fqsep is related to the energy
conversion efficiency ngsep of the furnace, defined as the ratio

Nasep = EqQsep /EF.Q seps therefore,

f fF,Q,sep
Qsep — o

NQ . sep

Again, for a heat facility consisting of a heat pump operated on
separately produced electricity, the primary energy factor fosep is
related to the coefficient of performance COPq.p of the heat pump,
defined as the ratio COPq,sep = Eq sep/Eelsep, and the primary energy
factor fesep Of the separately produced electricity, therefore

Table 1

f - fF,eLsep
QS ™ COPq sep

The intent of our analysis is to select a reasonable (fair) rule to
determine how the primary energy consumption fgcnpEgchp of the
cogeneration facility should be allocated between the two cogen-
erated products, i.e., how to split it into the two terms fejchpEel,chp
and fo,chpEq,chp- Thus, the terms fey chp and fo chp, evidenced in red in
Fig. 1, represent the two unknowns of this “fair allocation” problem.

However, they are not independent of one another due to the
obvious constraint that the allocation rule itself must conserve
primary energy, therefore, it must satisfy the primary energy
balance over the dotted square shown in the Fig. 1,

fF,chpEF,chp = fel,chpEel,chp + I:Q,chpEQ,chp (1)

or, equivalently, the condition o chp + %q,chp = 1 Where the primary
energy allocation fractions are defined as follows,
fol.chpE f E

,chprel.chp Q,chp™Q,chp
ael’chp = W al'ld aQ’chp = ﬁ (2)

F,chp“F.chp F,chp™F.chp

As aresult, the various allocation methods may be characterized

by imposing some reasonable relation between fochp and fejchp,
which may be expressed in the generic form

f(fel,chme,chp ,“other parameters of thelocal area") =0 (3)

It is worth noting that all the existing methods neglect the
influence of the “other parameters of the local area”. In Sections
2.1-2.3 we briefly review the main existing allocation methods
based on the primary energy factors that characterize a reference
scenario of separate production, as they represent the rationale
from which the 2007 European standard EN 15316-4-5 [5] is
conceived. In Section 2.4 we comment on their inadequacies which
motivate the development of the new method we propose in the
rest of the paper. In Section 2.5 we briefly discuss the alternative
exergy-based allocation method based on the primary energy
factors that would characterize a hypothetical reference scenario of
thermodynamically reversible production. Table 1 summarizes the
results of this comparison.

2.1. Incremental electricity-centered reference (IECR)

According to this (obsolete) method, Eq. (3) is set as

IECR
fel,chp = fel,sep (4)

so that by combining Eqgs. (1) and (4) we obtain

Heat and electricity primary energy factors based on the different allocation methods. Results in the fifth and sixth columns refer to the case study defined by the following
parameters (details in Sections 2 and 3): Egchp = 1000 GWh, fr = 1.1, Eejcnp = 347 GWh, Eqchp = 350 GWh, feisep = 2.8, fosep = 1.22, Eejsep = 4000 GWh, Eqsep = 300 GWh.

Allocation method Expression for fochp Expression for fej cnp Equation numbers Case study
chhp fel,chp
f, E —f, E
[ECR F,chp “F,chp el sep “el,chp fel.sep (4)' (5) 037 2.80
Eq chp '
f, E —f E
HRC fo.sep Fchp™F.chp — 7Q.sep=Q.chp (6), (7) 122 1.94
Eel.chp
fEchpEr.ch fEchpEr.ch
SPR QP TP f CP 2P f 10 0.96 2.20
fQ.sepEQAchp + fel,sepEel.chp Qsep fQ,SepEQ,chp + fel.sepEel.chp elsep ( )
o, 1) f ] o, 1) f
STALPR ( chp + ) F,chp *loc ( chp + ) F,chp (25) 0.86 231
(Gchp + (p]oc> nchp (Gchp + (Dloc) nchp
f, E f, E
Exergy F.chp©F.chp 1_- Tenv) F,chp &F.chp (14) 0.60 257

Tenv T,
(1 - TQ EQ.chp + Eel.chp Q

<1,

Qv) EQ.chp + Ee]‘chp
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f]EC% _ fF,chpEF,chp - fel,sepEeLchp (5)
Q,chp EQ,chp

It is clear from Eq. (4) that the primary energy consumption
attributed to the production of the cogenerated electricity,
f'eﬁ‘iﬁpEeLchp, is the primary energy that would be required to
produce the same amount of electricity in a separate production
facility, feisepEelchp, and from Eq. (5) that the primary energy
consumption attributed to the production of the cogenerated heat,
fgcc%pEQ?chp, is the difference between the total primary energy
consumption of the facility, frchpErchp, and the primary energy
consumed for the separate production of the cogenerated electrical
energy, feisepEelchp- This electricity-centered method has some-
times been used in the early stages of district heating develop-
ments, but it is obsolete and unfair because it assigns the entire

cogeneration savings benefit to the production of heat.

2.2. Incremental heat-centered reference (IHCR)

According to this (obsolete) method, Eq. (3) is set as
lel-l,gllfp = fleep (6)
so that by combining Eqgs. (1) and (6) we obtain

f E —f E
[HCR F,chp™F,chp Q.sep™Q,chp
fel,chp = (7)

Eelichp

It is clear from Eq. (6) that the primary energy consumption
attributed to the production of the cogenerated heat, leHrgl'prQ?chp. is
the primary energy that would be required to produce the same
amount of heat in a separate production facility, fo,sepEq,chp, and
from Eq. (7) that the primary energy consumption attributed to the
production of the cogenerated electricity, fle'fgngel‘chp, is the
difference between the total primary energy consumption of the
facility, frchpErchp, and the primary energy consumed for the
separate production of the cogenerated heat, fg sepEq chp. This heat-
centered method has sometimes been used in the early stages of
industrial cogeneration for waste heat, but it is obsolete and unfair
because it assigns the entire cogeneration savings benefit to the
production of electricity.

2.3. Separate productions reference (SPR)

According to this method Eq. (3) is set as

SPR

fq chp _ fQ sep (8)
fSPR felAse

el,chp Sep

where fesep and fqsep are reference primary energy factors for the
separate productions of electricity and heat, respectively. On
account of Egs. (1) and (2), Eq. (8) is equivalent to setting

SPR fel sepEel.chp

o = and
el.chp fQ,sep EQ,chp + I:el?sepl':el‘,chp
f E
SPR Q,sep™Q.chp
Q chp 9)

- fQ.,sepEQ,chp + fel,sepEel,chp

meaning that the primary energy consumption of cogenerated
electricity and heat are both allocated based on the relative
proportions of primary fuel consumption they would require in
separate production facilities operating with the reference primary
energy factors feysep and fq sep, respectively. Combining Eqgs. (2) and
(9) yields the explicit expressions for the primary energy factors of
the cogenerated electricity and heat, respectively,

fE.chpEF.ch
fSFRh = e =P fel se and
elchp fQ,sepEQ,chp + fel.,sepEel.,chp Sep
f E
SPR F,chp “F,chp
fQ«,chp = ‘FQ sep (10)

fQ,sepEQ,chp + fel,sepEel,chp ’

This separate-production-centered method is the one currently
preferred in most regulatory contexts.

2.4. Critique of the prevailing methods

The problem with the IECR method is that it assigns the entire
benefit of cogeneration to the production of heat, thus making it
appear that the cogenerated heat production has a very little
primary energy factor. Let us consider a typical situation of public
utilities of a city according to Example A.1 of Annex A of EN 15316-4-
5:2007 [5]. The yearly consumption (based on lower heating value)
of natural gas is 1000 GWh (fgchp = 1.1 for natural gas), the net heat
production is 350 GWh, the net power production is 347 GWh, and it
is assumed that fesep = 2.8. Thus, using Eq. (5) according to the
prescription in [5] yields f ¢y, = (1.1 x 1000 — 2.8 x 347)/350 = 0.37,
an unfairly low value that makes it very hard for all other heat
production technologies to compete, and would discourage home
owners with access to district heating to invest on energy-saving
improvements.

Similarly, the IHCR method assigns the entire benefit of cogen-
eration to the production of electricity. For the same example Eq.
(7) yields fiisp = (11 x 1000 — 1.22 x 350)/347 = 1.94, again an
unfairly low value.

The SPR method partly resolves these problems by providing
more realistic figures; indeed, assuming fgsep = 1.1/0.9 = 1.22
(where 0.9 is assumed as the reference efficiency of the typical
separate production heat plant), Egs. (10) yield the more realistic
values f3'%, = 1.1 x 1000/(1.22 x 350 + 2.8 x 347) x 1.22 = 0.96
and f3 qpp = 11 x 1000/(1.22 x 350 + 2.8 x 347) x 2.8 = 2.20.

The SPR method has been proposed by various researchers not
only in the context of evaluating fuel and greenhouse emission
savings in combined heat and power facilities [5,8—10] but also in
the combined production of power and desalinated water [22—25]
which is important in several countries.

However, even the SPR method has a drawback which becomes
increasingly important as the fraction of primary energy used in
cogeneration facilities increases in a given local scenario. The
problem is that the allocation within the cogeneration facility is
based on some prescribed reference primary energy factors for the
separate productions, fo,sep and feysep, fixed by some local authority
and updated from time to time (2.80 for electricity and 1.22 for
heat, in the examples above). These prescribed reference values in
general differ from the average primary energy factors of electricity
and heat in the considered local area. In other words, the SPR
method, allocates the fuel consumption of the cogeneration plant
on the basis of a hypothetical and less favorable scenario in which
all the electricity and heat are produced separately with fg sep and
fel,sep-

This scenario becomes increasingly unrealistic as cogeneration
gains more significant fractions of the energy market locally. For
example, consider a scenario in which, in addition to the cogen-
erated 350 GWh of heat and 347 GWh of electricity, the local area
has a yearly consumption of 300 GWh of separately produced heat
with a primary energy factor fgsep = 1.22 and 4000 GWh of sepa-
rately produced electricity with a primary energy factor
fer,sep = 2.80. Then, with the SPR method applied to the cogenera-
tion plant as above, the local average primary energy factor for
electricity would be fejjoc = (2.2 x 347 + 2.8 x 4000)/4347 = 2.75
and that for heat fgloc = (0.96 x 350 + 1.22 x 300)/650 = 1.08
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yielding a ratio fq1oc/felloc = 0.392 which is quite different from the
ratio fosep/felsep = 0.435 which characterizes the separate
productions-only scenario assumed as a reference by the SPR
method.

In other words, this somewhat subtle inconsistency of the SPR
method stems from the fact that it allocates fuel consumption by
the cogeneration plant not on the fair basis of the locally prevailing
actual average primary energy factors of electricity and heat, but on
the basis of the hypothetical separate productions scenario which
becomes increasingly unrealistic and distant from the actual local
energy consumption scenario as cogeneration gains more signifi-
cant fractions of the energy market. In our example, we could refine
the allocation for the cogeneration facility by using the resulting
local average primary energy factors 2.75 and 1.08, instead of 2.8
and 1.22, respectively. That would yield the primary energy factors
for the cogenerated heat and electricity, respectively,

foehp = 1.1 x 1000/(1.08 x 350 + 2.75 x 347) x 1.08 = 0.89 and

fotenp = 11 x 1000/(108 x 350 + 2.75 x 347) x 2.75 = 2.27
showing that in the assumed local scenario, the original factors 0.96
and 2.20 credit electricity with a bit too much of the cogeneration
benefit.

But this refinement is still somewhat inconsistent, in that the
new values affect the local average primary energy factors, which
become fy o = (227 x 347 + 2.8 x 4000)/4347 = 2.76 and

b,loc = (0.89 x 350 + 1.22 x 300)/650 = 1.04, thus requiring
additional iterations to obtain further refinements. The method we
propose in Section 3 resolves this problem by keeping a logic
similar to the SPR method, but substituting the static and hypo-
thetical ratio fq sep/fer sep in the rhs of Eq. (8) with the dynamic ratio
fqloc/felloc Which characterizes the actual local scenario.

In view of the key role of the local average primary energy
factors fgoc and fepjoc in the proposed method, we provide in
Section 3 their explicit formal definitions.

2.5. Exergy-based allocation method

According to this method [1-3,9,17], the allocation fractions are
to be set as follows

Exel chp EXQ chp

Oelchp = == —— and g epp = 50— ——

eep EXel,chp + EXQ,chp Q.chp EXel,chp + EXQ,chp

(11)

and is equivalent to setting Eq. (3) to

E
fQ)?chp _ EXQChp/EQ,chp -1 7Tenv (12)
fgl)fchp EXeLchp/ Eel,chp TQ
where Tepy is the temperature of the environment,
TQ — hfeed - hreturn (13)

Sfeed — Sreturn

is the equivalent single-heat-source delivery temperature, hgeed,
Steed aNd hreturn, Sreturn are respectively the enthalpy and entropy of
the feed and return streams with which the cogeneration facility
delivers the thermal energy, and in writing Egs. (12) and (13) we
have taken into account that for electricity exergy and energy are
the same, i.e., EXel chp = Eel chp, and for the heat Exq cpp = M[hfeeq —
hreturn — Tenv (Sfeed — Sreturn)) and EQAchp = M[Nfeeq — Dreturn).
Clearly, for heat delivered in the form of heating a gas or liquid
stream with negligible pressure drop and constant specific heat
capacity, Tq is the log-mean temperature Tqo=(Tfeed—Treturn)/
ln(Tfeed/Treturn)-

Combining Eqgs. (1), (12) and (13) yields the explicit expressions
for the primary energy factors of the cogenerated electricity and
heat

f E
E F,chp™F,ch
feffchp = Tenvc PP and
(] - K) EQ,chp + Eel.,chp
f E T
E; F,chp &=F,ch
fQ)fchp = PP 1- —ng) (14)

T
(l - ’E;w) EQ.chp + Eel,chp

This method amounts to allocating the primary energy
consumption of cogenerated electricity and heat based on the
relative proportions of the primary fuel consumptions they would
require in a hypothetic scenario in which all machinery operates
with the highest possible production and conversion efficiencies
compatible with thermodynamic limitations, i.e., reversibly.

For our example, assuming the heat is delivered via pressurized
water with a feed temperature of Tgeq = 120 °C and a return
temperature of Treryrn = 60 °C, as typical of winter-time operation in
district heating when the environmental temperature is Tepy = 5 °C,
the log-mean delivery temperature is Tq = 89.2 °C. Substituting in
Eqgs. (14) yield for the primary energy factor of cogenerated elec-
tricity, fgffchp = 2.57 and for the primary energy factor of cogen-
erated heat, fg’fchp = 0.597.

When compared with the corresponding SPR values, 2.20 and
0.96, respectively, as well as with the STALPR values (see next
section), 2.31 and 0.86, respectively, these figures show that the
exergy-based method credits the thermal energy with too high
a share of the cogeneration benefit leaving an unfairly little share of
the fuel savings to the cogenerated electricity. This is because
currently the average second-law efficiencies of power production
are much closer to 100% (the reversible-scenario value taken as
reference for both electricity and heat according to this method)
than the average second-law efficiencies of heat production. In
other words, though based on sound thermodynamic reasoning,
the exergy-based method assumes as reference hypothetical effi-
ciencies that are too distant from the average efficiencies of the
current industrial and technological scenario. Therefore, if adopted
as a basis of regulations, this method would result in market
distortions which may for example give too much advantage to
district heating systems thus improperly discouraging home
owners that have access to district heating from investing in
energy-saving improvements such as better building and window
insulation and the like.

3. Rationale of the proposed method

In this section we present the proposed method in the particular
case of the energy generation scenario shown in Fig. 1 with n
electricity plants, m heat plants, and a single cogeneration facility,
pursuing for comparison the same example considered in the
previous section, and focusing on determining the primary energy
factors of cogenerated electricity and heat. The subsequent sections
generalize the method to multiple cogeneration facilities and
a multiple-products scenario.

The basic rationale of the proposed method is that the allocation
parameters to be used to assign primary energy factors to cogen-
erated electricity and heat should not be static reference values
fixed by some authority and updated from time to time, but should
be self-determined by the method itself as characteristic average
features of the actual energy production scenario of electricity and
heat delivery to the given local area of interest. For this reason we
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call it the Self-Tuned Average-Local-Productions Reference
(STALPR) method.

First we define fejjoc and fgjoc as the average primary energy
factors of electricity and heat produced by the plants that serve the

local area of interest. With reference to Fig. 1, they are calculated as

Z?:l fel.,sep.,i]'zel,sep,i + fel,chp]{':el,chp and
Z?:] Eelisep,i + Eel,chp
f loc = Zrmzl fQ,sep,iEQAsepﬁi + fQ_,chpEQ,chp (.15)
Qloc 2?1:1 EQ‘sep.,i + EQ.chp
Then, we follow a logic similar to that adopted within the
classical SPR method to provide a closure to the system of Egs. (1)
and (3), but instead of Eq. (3) we adopt the following closure rule to
determine the primary energy allocation,

fel,loc =

I:Q,chp _ fQ.,loc (16)
fel,chp feLloc

or, equivalently,

STALPR _ fq 1ocEq chp and

Q.chp feLlocEel,chp + fQAlocEQ,chp

STALPR _ fer tocEel.chp a7)
elchp —

fel,loc EeLchp + fQilocEQ,chp

meaning that the primary energy consumption of cogenerated
electricity and heat are both allocated based on the relative
proportions of the actual average primary energy consumption
they require in the local area, which includes that of the cogene-
ration facility itself.

Combining Egs. (2) and (17) yields the explicit expressions for
the primary energy factors of the cogenerated electricity and heat,
respectively,

fSTALPR o fF,chpEF,chp P . and
el,ch - Lel,loc
P fQ,locEQ«,chp + fel,locEelAchp
f E
STALPR F,chp“F,chp
fQ,chp = fQ‘loc (1 8)

B fQ.,loc]'EQ,chp + feLlocEel‘,chp

It is noteworthy that the system of Egs. (1), (15) and (16) is
nonlinear in the four unknowns feyjoc, fo,loc: fet,chp, fo,chp. However,
an analytical solution can be readily obtained as follows.

By defining the following ratios

Ochp = EZ:—E:E (19)
Michp = Eel,chEthhEpQ,chp (20)
N @
Goe — > 1 Eelsep.i + Eelchp (22)

Ezmzl EQ,sep,i + EQ,chp

the allocation fractions and the primary energy factors given by
Eqgs. (17) and (18) can be written as follows (we omit the superscript
STALPR for simplicity of notation).

q)loc

Gchp
— (23)
Gchp + (ploc

and OQelchp = —— 5+ —
P Ochp + Dioc

%Q.chp =

o o‘Qx:hpfF,chp]'EF,chp o O‘elichpfF,chpEF,chp
fQ,chp - EQ,chp and fel,chp - 7}3611(@ (24)
or, equivalently,
(Gchp+l) fEchp glsloc <Gchp+1)fF,chp
fq.chp= andfe chp=7—"—"~—(25)
(Gchp+d)loc> Mchp <6chp+@loc) Nchp

By defining the fractions of cogenerated electricity and heat
delivered to the local area and the average primary energy factors
of the separate productions, respectively,

Eq chp
YQ.chp = 1 —YQ.sep = : and
Qchp Qsep Z;il Eq sep,i +Eq.chp
Eel chp GchpYQ chp
Yelchp = 1—Yelsep = ’ = : (26)
e chsep Z?:l Eelsep,i + Eelchp Oloc
FQ _ Zlm:1 fQA,SepAi]':Q,sep,i andf | _ Z?:l felﬁsepAiEel,sep,i
e szzl EQ,sep,i ehsep Z?:] Eel.,sep,i
(27)

the average primary energy factors may be written as

I:Q,loc = (1 - 'YQ,chp)fQ,sep + YQ,chpr,chp and

fel,loc = <1 - Yel,chp)t_—elsep + Yel,chpfeLchp (28)

It is noteworthy that, combining Egs. (16), (26) and (28), we have
the relation

fQ se Och
1-— % ,Sep +1-— P
( Q’Chp) fQ.,(:hp Oloc

Gchp) fel,sep

Oloc fel,chp

= (1 —YQ.chp
which implies, for example, that

fel,chp = fel,sep whenever YQ.chp = 1

fQ,chp/?Q,sep = cSloc/cchp whenever YQ.chp = Gloc/cchp
Taking the ratio of the two Egs. (28) to compute @}, according to

Eq. (21) and using Eqs. (25) to eliminate fej chp, and f p, We obtain
the following relation

(Gchp + 1) fF,chp d)loc

<Gchp + gzsloc> nchp

) 1)fF
(1 _ Yel,chp) fel,sep + Yel,chP%

(1 - YQ,chp)fQﬁeP T YQ.chp

@loc = (29)

which clearly defines @, implicitly in terms of the parameters
Ochp, Nchps fFchp Of the cogeneration plant and the local parameters

Yel,chps YQ.chps I:el,sep and FQsep-
With a few rearrangements and using the last of Egs. (26), Eq.
(29) can be finally cast as follows

F 2
(Gloc - YQ,chchhp)nchpfel,sep@loc + [thchpYQAchp (Gchp - Gloc)
X (Gchp + 1) + (Gloc - YQ,chpochp> Gchprlchpfel,sep
- (1 - YQ,Chp) Cjlocnchpr,sep] Dioc

- (1 - YQ,Chp) Gchpclocnchpr,sep =0 (30)
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This second order equation in @}y can be easily solved for the
only positive root it admits (see the Appendix). Once @, is found,
the primary energy factors fejchp and focnp can be obtained from
Egs. (25) and the values of fej joc and fqoc from Egs. (28).

A detailed analysis of the dependence of @i, on the various
parameters of the local area is reported in the Appendix. In
particular, it is important to study the dependence of ®@joc 0n YqQ,chp
because it defines how fejchp and fq chp change with the penetration
of cogeneration (represented in this particular case by the size of
the single chp plant shown in Fig. 1). In fact, according to Egs. (25)
an increase in @joc always implies an increase in fo chp and a corre-
sponding reduction in fej cpp, and viceversa.!

For our example, the parameters are: 6chp = 347/350 = 0.9914,
Nchp = (347 + 350)/1000 = 0.697, frchp = 1.1, Oloc = (4000 + 347)/
(300 + 350) = 6.69, Yel,sep = 4000/(4000 + 347) = 0.92, Yq,sep = 300/
(300 + 350) = 0.46, Yqchp = 350/(300 + 350) = 0.54, fel.sep =238,
fq sep = 1.22. With these parameters, the single nonnegative root of
Eq. (30) is ®joc = 0.371 and the results are: oejchp = 0.728,
oQ,chp = 0.272, fer chp = 2.31, fg,chp = 0.86, feyjoc = 2.75, fg1oc = 0.977.
Table 1 summarizes the relevant expressions for the heat and elec-
tricity primary energy factors according to the various allocation
methods (the last two columns summarize the values obtained in
the examples carried out in Sections 2 and 3).

3.1. General formulation for multiple heat and power cogeneration
facilities in the local area

The STALPR method in the general case of a local area scenario
with r heat and power cogeneration facilities is formulated as
follows, by simply generalizing the single-facility formulation just
outlined. The average primary energy factors of electricity and
heat produced by the plants that serve the local area are calcu-
lated as

n r
Zi:] fel,sep,i]':eltsep,i + Zi:l feLchp,iE

I,chp,i
f Lloc = €.ap, and
e > 1Eelsepit+ 2 i—1 Eel.chp.i
£ Z;ﬂ:l fQ,sep,i]':Q.,sep,i + erzl f(14,chp<iEQ,chp,i 31
Q,loc = (31)

>t 1Eqsepit 2 i—1EqQ.chpi

The primary energy balance for each CHP facility is
£ chp,iErchpi = Fq.chp,iEq.chp.i 1 fel.chp.iEel.chp,i (32)
and the definition of the allocation fractions are

f0,chpiEQ.chps
.chp,i=Q,chp.i
oLQ‘chp.,i = and ael,chp,i =

fel.,chp.,i]'zel,chp‘i (33)
fF,chp,iEF,chp,i

fF.,chp.,i]':F,chp,i

We adopt the following closure rule to determine the fair
primary energy allocation,

f i f
Qehed _ _Qloe for every i = 1,2, .1 (34)
fel,chp,i fel‘loc

or, equivalently,

SDALPR _ fo.10cEq chp;i
%Q chp,i = f E f E and
’ el,loc el,chp,i+ Q,loctQ,chp,i
SDALPR __ feltocEelchpi 35)
el,chp,i —

feLloc EelAchpﬁi + fQ,locEQﬁchp«,i

BT of o, D, 3]
1 The partial derivatives of the two Egs. (25) a%‘d‘p _ (Gap + Dlecnp Tenp and
loc

2
of, Oenp + D] ) (Oenp + Proc) Nenp

;'Chp = (Genp + 1) FZ‘Chp are indeed always positive and negative,
%o (Gchp + Proc) Nchp

respectively.

meaning again that the primary energy consumption of cogen-
erated electricity and heat in each facility are both allocated based
on the relative proportions of the actual average primary energy
consumption they require in the local area, taking into account all
the locally existing cogeneration facilities.

Combining Egs. (33) and (35) yields the explicit expressions for
the primary energy factors of the cogenerated electricity and heat,
respectively,

fFAchp,iEFAchp,i

fSDALPR _ ¢ and
el,chp, Lel,loc
<t fQ,locEQ,chp,i =+ feLlocEel,cth
f E ;
SDALPR F,chp,i “F,chp,i
fQ‘chp,i = fQ,loc (36)

- fQ,locEQ,chp,i + feL,locEel,chpAi

Again, we note that the system of Egs. (31), (32) and (34) is non
linear in the r+1 unknowns fey o, fQloc, fel,chp,is fo.chp,i- However, an
analytical solution can be obtained as follows.

By defining the ratios

Ee| chp.i
L= P 7
Gcth EQ,chp,i (3 )
E i +E .
Nepp s — —etchpi * Ea.chpi 38)
P EFﬁchp,i
fq.
Doc = fQ" oc (39)
el loc

the allocation fractions and the primary energy factors can be
written as follows

Ochp,i Dioc
Oelchpi = ———7— and 0q chpj = ———=— (40)
ehehpt Ochp,i T Dioc Q.chpi Ochp,i + Dioc
<Gchp,i + 1)fF?chpj

fel,chp,i =

<Gchp,i + d510::) Nchp,i

(GchpAi + 1>fF,chp,iqjloc
fQ.enpi = (41)

(Gchpﬁi + (ploc>nchp,i

The fractions of separately produced electricity and heat deliv-
ered in the local area and the average primary energy factors may
be written, respectively, as

Z?:l Eel sep,i
Yelsep = = and
chsep Z?:l Eel,sepAi + Zirzl Eel«,chp,i
er'n:] EQ sep,i
YQ,sep = 7 (42)
Qsep Z:’ﬂzl EQ,sep,i + erzl Eel,chp,i
The average primary energy factors may be written as
feLloc = YeLsepFel,sep + (1 - YeLsep)Fel,chp and
fQ,loc = YQ,sepFQ,sep + (1 - YQ,sep)FQ,chp (43)
where, in addition to Eqgs. (27), we also defined
= i1 fetchpierchpi &
felchp= CPLEEPL = Yelchpiifel.chpi and
el,chp ZznzlEel,chp,i ; el,chp,i‘el,chp,i
z Yic1fo.chpiEQ.chpi <
Focnp =g IR IEQRE_ S Fo (44
Q.chp ZZ]EQ,chp,i ; Q.chp,itQ.chpii
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rEel,chp,j TEQ,chp,j (45)
Ei: 1 Eel,chp‘i Ei: 1 EQ‘chp,i

Taking the ratio of the two Egs. (43) to compute ®joc and using
Egs. (41) and (44) to eliminate fep and fg pp,we obtain the
following relation

Yel,chpj = and YQ,chpj =

equivalent size, therefore allowing the straightforward solution of
Eq. (30). The degree of penetration of heat cogeneration in the local
area, defined by the size of the equivalent chp plant, is then
measured by the value of the parameter yq,chp. It is noteworthy that
in case of CC, where Gcp > Ol the condition
0 < ygehp < min(1,0chp/0loc) [Or the equivalent expression

(Gchp‘i + 1>fF,chp,i@loc

YQ,sepr,Sep + (1 - YQ,sep) Z?:l YQ,chp‘i

<Gchp,i + (I)loc> nchpAi

gploc =

<O‘chp‘i + 1)fF,chp,i

(46)

Yel,sepfel,sep + (1 - YeLsep) er:l Yelﬁchp.i <

which again defines @oc implicitly in terms of the parameters ccpp,i,
Nehp,iv fFchp,iv Yelchpi and yqchp,i Of the cogeneration facilities and
the local parameters Yeisep YQsep» lel sep and fQ sep- This equation
can in principle be cast as an r + 1 order equation in @, however,
in practice its roots must be found numerically and among them we
must pick out the positive one which, when substituted in Eq. (38),
does not yield any negative fe| cnp i OF fg chpi-

For example, consider the area of our previous example to which
we add a second CHP plant producing 150 GWh of electrical energy
and 250 GWh of heat and consuming 500 GWh of the same fuel. The
parameters are, therefore: owmp1 = 347/350 = 0.9914,
Nehpt = (347 + 350)/1000 = 0.697, Gehp2 = 150/250 = 0.60,
Nehp2 = (150 + 250)/500 = 0.80, fgchpa = frehp2 = 1.1,

Yel.chp.] =1- YEI,ChD,2 = 347/(347 + 150) = 0.698,
Tachp1 = 1 - Yq.chp2 = 350/(350 + 250) = 0.583, Yol sep = 4000/
(4000 + 347 + 150) = 0.889, Y sep = 300/(300 + 350 + 250) = 0333,

fer. sep = 2.8, fQ sep = 1.22. With these parameters, Eq. (46) has the
single nonnegative root @, = 0.343 and the results are:
fel,chp,] = 2.36, fel chp2 = 2.33, I:el chp = 2.35, chhp] = 0.808,
fqchp2 = 0.800, chhp = 0.804, foy1oc = 2.75,fq10c = 0.94.

4. Comparison of the allocation methods

In order to better focus on the features of the STALPR approach,
a comparison with the classical methods is carried out on the basis of
following example. We consider that the local area shown in Fig. 1 is
representative of a generic mix of industrial, residential and tertiary
activities so that the overall yearly thermal energy consumption is
twice the consumption of electricity, thus resulting in 6joc = 0.5. We
assume that heat and electricity are initially produced by means of
a certain number of separate production plants, considered for
simplicity identical to one another and characterized by electricity
and heat primary energy factors fejgepi = = fa. sep = 24 and
fQsepi = fQ sep = 1.22. Then we consider that the separately
produced heat and electricity are progressively replaced by cogen-
eration plants. To select realistic values for the parameters of the
example, we identify two distinct cases on the basis of which the
following typical chp technology is implemented:

a) steam cycle with back-pressure steam turbine (BPST) operating
with average nenp = 85% and Gcpp = 0.2;

b) combined cycle (CC) operating with average nenp = 78% and
Gchp = 1.2

In either case, each chp plant is assumed identical to the others
so that the “r” installations can be treated as a single unit of

Gchp,i + (ploc> nchpji

0 < x < min(1,1/1 — a) in terms of the alternative set of variables
defined in the Appendix] limits the penetration of heat cogenera-
tion to the maximum value ymax = 0.417 reached when all the
electricity demand of the local area is cogenerated, Yejchp = 1. In
case of BPST, where Gchp < Oioc, the limiting value is ygaxp =1,

which refers to the situation when all the heat is produced by
cogeneration. Table 2 summarizes the assumptions considered in
this example. Fig. 2 shows the results of the analysis in terms of
primary energy factors and @), profiles, plotted as a function of
YQ.chp- The corresponding values given by the classical methods are
given in Table 3.

It should be noted that according to the classical methods the
primary energy factors do not change with yqcnp (Table 3) as they
refer to the fixed scenario of standard separate productions with
fer,sep = 2.4 and fq sep = 1.22. To the contrary, the resulting profiles of
f's and @4 (Fig. 2) provided by the STALPR method are interesting
and reasonable functions of yq chp, in accordance with the detailed
analysis of Eq. (30) carried out in the Appendix. In particular, in case
of CC (Ochp > Oloc €., @ < 0 in the notation of the Appendix) ®oc
increases with yqchp. As already observed this implies that fochp
and feichp respectively increase and decrease with yq,chp, meaning
that as heat cogeneration further penetrates in the local area,
a higher fraction of primary energy of the chp plants is allocated to
the production of heat. This is consistent with the fact that the chp
plants have in this case a higher proportion of electricity than that
required by the local area (ochp > O1oc) and thus the penetration of
heat cogeneration goes together with an even higher penetration of
electricity cogeneration, which therefore takes up a higher share of
the overall cogeneration benefits. Analogous considerations can be

Table 2
Assumptions for the case study illustrated in Fig. 2.

Parameters of the local area

Gloc 0.5

fel.sep.i = lelsep 24

fQ,sepAi = 1Q.sep 1.22

Parameters of the chp plants

Technology CcC BPST
frchpi 1.1 1.1
Gchp 1.2 0.2
TNchp,i 78% 85%
Parameters in the notation of the Appendix

a -14 0.6

b 0.243 0.087
c 2.361 0.393
d 0.508 0.508
n* 0.590 0.776
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Fig. 2. ®yoc and the primary energy factors plotted as functions of the parameter yq,cnp for the values listed in Table 2. Left: CHP facilities based on combined cycle (CC) technology.
Right: CHP facilities based on steam cycle technology with back-pressure steam turbine (BPST). Dashed lines in both figures refer to the primary energy factors calculated with the

classical SPR method.

made for the case of BPST (where ochp < Oioc), Tesulting in the
opposite implication on fo chp and fey chp.

Furthermore it is possible to determine the values that the f's
assume at the limits of the meaningful range of Yq chp. At YQ,chp =0
(no cogeneration in the local area), as shown in the Appendix, we
have ®ioc = f sep/Feisep = 0.508. Substituting into Egs. (25) we
obtain fochp = 0.923 and fejcnp = 1.816 in the CC case and
focnp = 1114 and fecnp = 2192 in the BPST case. At
YQchp = Min(1,6¢hp/Oloc) (Maximum penetration of heat cogene-
ration in the area), for the CC case, applying Eqgs. (A4) we obtain
Pioc = 0.778, fo,cnp = 1.22 and feycnp = 1.569, and for the BPST case,
applying Eqs. (A5) we obtain @ioc = 0.447, focnp = 1.073 and
fer,chp = 2.4

Fig. 2 also shows that the local primary energy factors fqoc and
felloc at Yo chp = O coincide with the corresponding values of the
separate production as obtained from substituting yq,chp = 0 and
Yel,chp = O into Egs. (24); notably at yqchp = min(1,6chp/Cloc) We
have fq 1oc = fo.chp and feyjoc = fel,chp. This is obtained by substituting
the limiting values yq,chp = 1 (valid when 6chp < Gloc) and Yey,chp = 1
(valid when ochp > Gioc) respectively in the first and the second of
Egs. (28) and recalling that by definition fq joc/fer1o0c = fo.chp/fer,chp-

Moreover it is worth observing that with the increase of yq,chp.
the chp primary energy factors calculated with the STALPR method
progressively depart, as expected, from the values obtained with
the SPR method. In our case study, the maximum difference in fo,chp
between the two methods is 3.7% for the BPST case and 32.1% for
the CC case, while the maximum difference in fej chp is 9.5% for the
BPST case and 13.6% for the CC case. Note also that the values of the
separate production f's used in the STALPR method are not to be
fixed by some authority but they are those that characterize the
actual separate production situation in the local area, Egs. (27).

Finally, it is worth noting that the cases illustrated by Fig. 2 are
representative of the two main situations of practical interest,
characterized by either the condition 6chp > Gioc (Pioc increasing

with yq,chp) OF Gchp < Oloc (Ploc decreasing with v op). In general,
any other possible combination of the parameters of the local area
and CHP plant are included in one of these two cases (for the
particular case ochp = Oloc and other particular cases, see the
Appendix). The general rules reported in the Appendix provide
a useful preliminary estimate of the heat and electricity primary
energy factors resulting from inserting a CHP facility. To better
explain this, let us consider for instance a local area where Gjo¢c = 2,
meaning that the overall yearly thermal energy consumption is half
the consumption of electricity, being the other parameters of the
problem the same as in Table 2. According to the notation defined in
the Appendix we obtain for the two power plant technologies the
set of parameters shown in Table 4.

The following analysis can be formulated. Since in both cases we
have a > 0, 9o decreases with yq chp (implying that fo chp and feicnp
respectively decrease and increase with yqchp) and maximum
penetration of cogeneration is reached for yq chp = 1. Furthermore, in
the BPST case: at yqchp = O (no cogeneration in the local area),
®1oc = d = 0.508 which through Egs. (25) yields fqchp = 1.114 and
fer,chp =2.192; at yq,chp = 1, since a > 0 and (c + 1)b < 1, from Egs. (A5)
we obtain @ = 0.447, fq cnp = 1.073, and ey chp = 2.4. Similarly, in the
CC case: at yq,chp = 0 we have 9|, = d = 0.508 which through Egs.
(25)yields fq chp = 0.923 and fej chp = 1.816. At Y chp = 1,sincea >0
and (c+ 1)b < 1 from Egs. (A5) we obtain @joc = 0.093, fo chp = 0.223,
and fej chp = 2.4. The plots of @4 and the primary energy factors as
functions of the parameter yqcnp are shown in Fig. 3.

5. Generalization to multiple cogeneration of several
different energy-intensive products

In Section 3 we have seen how context-dependent allocation of
cogeneration benefits results in a self-consistent assignment of fair
primary energy factors to heat and electric power. In the present
section we generalize the STALPR method to a local area scenario

-\r/:Il’:ng of the heat and electricity primary energy factors calculated for the case studies of Figs. 2 and 3 by means of the classical allocation methods.
CC BPST
IECR [HCR SPR IECR IHCR SPR
fel,chp fo.chp fel,chp fa.chp fel,chp fa.chp fet.chp fa.chp fet,chp fq.chp fet,chp fa.chp
24 0.223 1.569 1.22 1.816 0.923 24 1.073 1.665 1.22 2.192 1.114
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Table 4
Assumptions for the case study illustrated in Fig. 3.

Parameters of the local area

Oloc _ 2

fel.sep,i = lelsep 24

fQ.sep.i = fQ,sep 1.22

Parameters of the chp plants

Technology cC BPST
fF,chp,i 1.1 1.1
6chp 1.2 0.2
Nchp,i 78% 85%
Parameters in the notation of the Appendix

a 04 0.9

b 0.243 0.087
c 2.361 0.393
d 0.508 0.508
n* 0.590 0.776

with multiple energy-intensive products. For example, in addition
to electric power we may have heat production at different
temperature levels, compressed air, chilling, refrigeration, water
desalination, and other energy-intensive products such as cement,
steel, aluminum, and other materials or flows.
Let us denote by Efiﬂgfl{tk. the amount of product of j-th type
delivered by the k-th production facility serving the area of interest.
ffarf)‘gﬁétkj denotes the corresponding primary energy factor. Products
enoted by the same label j must be homogeneous in “energy
quality”, for example, heat delivered at different temperature levels
should be identified by different labels. The different facilities may
be separate production, cogeneration, or multi-generation. Each of
them may consume a mix of different fuels or other primary energy
resources, as well as a number of energy-intensive materials.
Let Ffarciiggy k denote the overall primary energy consumption of

the k-th facility, given by

facility k __ facility k rfacility k ( 47)
primary /£ resource i resource i
i
where ERGIYK i the amount of resource (fuel or other, not
resource i J

necessarily expressed in unit of energy) of j-th type and fﬁi‘;g’ﬁ’cle‘l

the corresponding specific primary energy factor. For example, if
resource k is iron ore and we express Eiﬁg‘ﬁ’cgl in ton of iron ore,

then fﬁiﬁgﬁi’cgl is in GWh of primary energy per ton of ore. Again, if

resource k is waste heat rgcuPerated from an industrial process and
we choose to express Efg‘;ﬁi’ce‘  as the exergy of the waste heat, then
gﬁg‘ﬁ’cle‘ . is in GWh of primary energy per GWh of recovered-waste-

heat exergy.

0.0 A

Next we define the ratio of the amount of product j made in
facility k to the overall primary energy consumed by facility k

facility k

facility k _ ~product j

productj — Ffacility k (48)
primary

and the local market share of facility k with respect to the
production of j

facility k
facility k product j
productj — Z Efacility n (49)
o product j

Finally, we denote by flp"r%di}’cet' j the average local primary energy

factor for product j. In our STALPR method, allocation fractions are
based on these average factors, therefore, the equivalent of Egs. (23)
is

flocA ave. 'Efacility k floc. ave. ‘)\facility k
facility k product j“productj product i *product j
productj — loc. ave. pfacility k loc. ave. -+ facility k
% product mEproduct m % product mxproduct m
(50)
the equivalent of Egs. (24) are
facility k pfacility k facility k
facility k _ “‘product j” primary _ “product j
productj — Efacility k A facility k
product j product j
floc. ave.
_ product j ( 51 )

- Z gloc. ave. Xfacility k
~ product m ®*product m

and the average primary energy factors of the local area, i.e., the
equivalent of Eq. (15) are given by

Z facility k pfacility k

product j ~product j . -

floc ave. k _ Z ffac111ty k_Yfaallty k. (52)
product j facility n product j ! product j

Xn: product j k

Finally, substituting Eq. (51) into (52), we obtain the system of
equations

0.0 s L
0 02 04 06 08 1

‘YQ.chp

Fig. 3. @i, and primary energy factors plotted as functions of the parameter yq,cnp for a local area with 6joc = 2 and the same values of all the other parameters as assumed in Fig. 2.
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facility k
product j (53)

1= Z )\facﬂltyk

loc. ave.
k %}: fproduct m“product m

which for given values of the lej'rcolggétk and the yfarc(;gfj{tk determines
the values of the flfrf]di}’c‘im s which’in turn can be used in the
previous equations to find all other factors and fractions.

In practice, we conclude and suggest that a self-consistent
cogeneration regulation based on the proposed STALPR fair allo-
cation method is easily obtained by simply adopting Eqs. (47)—(49),
(53).

As a validation example, we may use the general notation
introduced in this section to reformulate the case considered
in Section 3, where we have two products (1 = el; 2 = Q)
and three facilities (1 = el,sep; 2 = Q,sep; 3 = chp) of which
the first two are smgle productlon therefore A = 1/fe seps
2= 1/fq seps A\ =0, vl =0, 2 =0, and Y3 = 0, so that Egs.
(53) become

_ " (54)
el
2 3
1=_12 4 Y2 (55)

loc )\2 flloc )\% + flzoc )\3

These equations can be easily translated in the notation of
Section 3 by recalling that vl = Yel,seps y% =1
Y2 = Yosepr Y3 = 1—7Yqsep and noticing that N = 1/fel seps

2 3 3 3 :
Ay = 1/fqsepr 22 = Nehp/Trchp(Ochp + 1), | = Senph; to yield

— Yel,sep»

_ fel‘sepYel‘sep " fFﬂhp (GChP + l) (1 - YeLsep)

1 : (56)
el,loc Nchp (fel‘loco‘chp + fQ.,loc)
1 - fQ.sepYQ,sep fFAchp (Gchp + 1) <1 - 'YQAsep) 57
= =7 + (57)
Q,loc Nchp (fel,loccchp + fQJoc)

It is now easy to verify that equating the right hand sides of Egs.
(56) and (57) yields, after few rearrangements, Eq. (30) for
‘Dloc = fQ,loc/fel,loc

6. Conclusions

Cogeneration technologies, i.e., the combined productions in
a single facility of a mix of two or more different energy-intensive
goods, are capturing higher and higher fractions of the energy
market because they produce important savings in primary energy
and avoided emissions. Cogeneration regulations are being devel-
oped in order to allocate such benefits in a fair way between the
different cogenerated goods. Current regulations are based on the
Separate Production Reference (SPR) method whereby the primary
energy consumption and emissions in a cogeneration facility are
allocated based on the relative consumptions and emissions that
are required to produce the same energy-intensive goods in
a prescribed reference set of separate-production facilities.

In this paper, we have shown that the SPR method provides
unfair, distorted figures arising from an intrinsic inconsistency
which becomes increasingly important as cogeneration gains
higher fractions of the energy market in a given local area. Our
observation stems from the fact that cogeneration facilities are

almost always part of a local production scenario, i.e., a local area
(district, city, regional, national, interstate) energy system
providing end users with electricity, residential heating or air-
conditioning, industrial process steam, desalinated water, and/or
other energy-intensive products. The overall savings obtained by
introducing a given combined production plant in a certain local
area, have a relative impact which depends on the pre-existing
local situation, therefore it is unfair to allocate the savings among
the cogenerated goods without taking into proper account the local
area situation. It is conceivable that a given combined production
facility could constitute an improvement for one local area but an
aggravation for another local area. The inconsistency of the SPR
method stems from the fact that it assigns the same primary energy
allocation to the facility, regardless of the parameters of the local
area in which it operates.

To resolve the issue, we propose a natural extension of the
SPR method so as to take in due and fair account the local
scenario in which a given cogeneration facility operates. The
result, that we call the Self-Tuned Average-Local-Productions
Reference (STALPR) method, is self-consistent in that the allo-
cation parameters are self-tuned in terms of the energy scenario
of the given local area of interest. This is achieved by an adaptive
and self-tuned allocation whereby the fuel savings obtained by
cogeneration are shared among the cogenerated products on the
basis of the average primary energy factors of such products in
the given local area, including the cogeneration facility of
interest.

The self-consistency of the STALPR method is gained at the
expense of a slightly higher complexity of the formulation with
respect to the standard SPR method. However, we show by
examples that the numerics are simple and readily tractable even
in the general case of many goods and many cogeneration facil-
ities in the given area. The differences between STALPR and SPR
allocations are important in local areas with relatively high levels
of cogeneration.

Importantly, the STALPR method puts forward and embodies
the novel idea that if the benefits of cogeneration (in this paper
we focused on fuel savings) are to be allocated among cogen-
erated products in a permanently fair way, the allocation must be
adaptive and dynamically tied to the evolving local area
production scenario through the (evolving) average primary
energy factors of the cogenerated products. As a result, each
existing cogeneration facility in the local area must revise its
allocation parameters whenever a new cogeneration or separate
production facility is installed in the local area and/or an old one
is removed.

From a fundamental point of view, we note that since the
historical developments of energy technologies evolve along
learning curves [31] that are headed towards approaching the
highest possible production and conversion efficiencies compat-
ible with thermodynamic limitations, it is reasonable to foresee
that the dynamic allocation fractions generated by the STALPR
method will correspondingly converge towards the static alloca-
tion fractions defined by the exergy-based allocation method
[1-3,9,17].

In a forthcoming paper, we will show how the principle of
self-tuning via average-local area parameters introduced here to
fairly allocate fuel savings obtained via cogeneration, can be
readily implemented to achieve a similar self-tuned, adaptive,
fair allocation methodology also for the carbon dioxide emission
savings that obtain from cogeneration. Discussion of such
methodology is particularly timely because the EU Commission
is currently revising the regulatory principles guiding the
development of the EU emission allowance trading scheme
[28,29].
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Appendix
Recalling Eq. (26),

Gchp YQ,chp

Yel,chp = o)
oc

we can rewrite Eq. (30) in compact form as

f,x,a,b,c) =[1—(1—a)x]y*>+[(c+1abx — 1+ (1 —a)x
+(1-X)cly—(1-x)c=0

where we define the following new variables

a=1- Ochp
Oloc
*
b=1-1
Tchp
(¢}
c= thp
4 _ oo
fel,sep
fel,sepcjchp + fQ.,sep fel,sep (C + 1)d
X = YQ,chp
)
y = (ljoc

and we note that their meaningful ranges of values are
a<l

b<1

c>0

d>0

0<1-x= qusepf‘l

O0<1-(1-ax = Yel,sep <1

nggmin(l,L)
1-a
Xmax = 1fora < 0andxmax = 1/(1 — a)for a>0

y>0
n*>0
Within these ranges of values, except at x = 1 and x = 1/(1—a), we
have [1—(1—a)x](1—x)c > O, therefore, the second order equation in
y defined by f{y,x,a,b,c) = 0 has only one positive root. Moreover, for
the same reason,df/dy > 0% (for x = 0 and y = 1, af/ay = c+1).

Egs. (25) rewrite as

c+1n's
C+ Y Mchp

(c+1y n* <
f =2 f and f =
Q.chp C+Y Nenp Q.sep el,chp

el,sep

(A1)

2 To see this, we write the second order equation as f{y) = Ay? + By — C = 0 where
A>0and C > 0. Then, since /B2 + 4AC > B,y = (B + /B2 +4AC)/2A is the only
positive root. Therefore, of /oy = 2Ay + B = /B2 +4AC > 0.

In particular, for y = 1 we have

n* - n
f = —f and f, = —f A2
Q,chp nchp Q.sep el,chp nchp el,;sep ( )

Notice that y = 1 implies (¢ + 1)abx = 0. Viceversa, x = 0 implies
y=1(Pioc = fosep/felsep)- Indeed x = 0 implies (y—1)(y + ¢) =0,
but y = —c is out of meaningful range. Recalling the definition of n*
and using Egs. (19) and (20), after a few trivial rearrangements, Egs.
(A2) reduce to the same formulation of the primary energy factors
of the SPR approach defined by Egs. (10), meaning that when no
cogeneration plants are present in the local area the STALPR model
is equivalent to SPR.

As noted in Section 3, if @ increases then fgchp increases and
fer,cnp decreases. It is therefore interesting to investigate further the
function y = y(x,a,b,c), defined by Equation f(y,x,a,b,c) = 0. Since the
differential of f{y,x,a,b,c) is identically zero, we may obtain the
partial derivatives of y(x,a,b,c). In particular,

oy  off/ox (1—a)y?+[c—(1—a)—(c+1)ably—c
ox  ofjay of /oy

For x = 0 (no cogeneration plants in the local area and, therefore,
as seen above, y = 1), this derivative is —ab and it is zero when
either Gchp = Gloc OF Nehp = M. In both cases, y = 1 holds for all
values of x, i.e., Pioc = fq sep/Feisep h0lds for all values of yq.chp.
However, the latter case (nechp = n°) yields, by Egs. (A2),
fochp = Fosep and fejchp = fei sep, therefore, it represents the case
of a (poor) cogeneration plant that consumes the same primary
energy as the separate production facilities. Indeed, for a chp plant
to be of practical interest, i.e., beneficial to the local area, it must
have nepp > " or equivalently b > 0. This can also be seen more
directly as follows. If the heat and electricity produced by the chp
plant replace the same amounts, respectively, of separately
produced heat and electricity, the condition for the replacement to
be beneficial is that it must reduce the overall primary energy
consumption of the local area, that is,

(feLchp - fel,sep) Eelﬁchp + <fQ,chp - step) EQ,chp <0 (A?’)
This can be rewritten as

(c+1)(c +y)bd?x>0

which in all cases imposes b > 0.

When ab # 0, at y = 1 and x = O the derivative is positive (i.e.,
Pyoc increases with yqcnp) if ab < 0, ie., if a < 0 (Gchp > Gloc) since in
all cases of practical interest b > 0. In this case, y is increasing with x
until, for the maximum meaningful value xmax = 1/(1 — a), it rea-
ches the maximum value y =c/[c — (c + 1)b]if (c+ 1)b<cory = «
if (c + 1)b > ¢, independent of the value of a (as long as a<0).
Recalling the definitions of y, b, and c, and using Eqgs. (25), such
maximum values correspond to the following conclusions that
apply when ocpp > Ojoc and Yeychp = 1:

fF,chp (Gchp +1 ) > then

IffQsepEQ,chp < fF,v:hpEF4,chp (i-e-:FQ,sep <
Nchp

fQ.,sepnchp Ochp

d)loc = -
fFi,chp (Gchp +1 ) - fQ,SEpnchp

fQ.,chp = step

fF,chp (Gchp + l) - fQ,sep Tchp
NchpOchp

fel.,chp =

(A4)
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fF,chp (Gchp + 1) then
Nchp

If fQ,SepEQ,chp>fF‘ChpEF,chp (i.e., FQ«,sep>
Dloe = o

fF,chp (Gchp + 1)

f =
Q.chp Nchp
(A4")

fel,chp =0

Notably the condition (¢ + 1)b > ¢, for which Egs. (A4’) hold
true, corresponds to the extreme situation in which: (1) the entire
electricity consumption in the local area is cogenerated, and (2)
the non-cogenerated heat is produced by relatively low-efficiency
heat facilities, consuming more primary energy than the cogen-
eration facilities in the local area would consume to cogenerate
the same amount of heat.

For a > 0, y is decreasing with x, until it reaches the minimum
valuey=1-(c+1)bif(c+1)b<1ory=0if(c+ 1)b>1,ineither
case independent of the value of a (as long as a > 0). Again by
recalling the definitions of y, b, c and combining them with Egs. (25)
such minimum values correspond to the following conclusions that
apply when ocpp < Ojoc and yqchp = 1:

fF,chp (Gchp +1 ) > then

Iffel‘sepEel‘chp <fF,chpEF‘chp <i~e~afel,sep < NenpOch
chp®chp

fF,chp (Gchp +1 ) - fel«,seprlchp Gchp
(ploc = i

I:el,sep nchp

fF4,chp (Gchp +1 ) - fel,sepnchp Gchp

Tchp

fQ,chp =

= A5
fel,chp = fel,sep ( )

i I fEchp Ochp + 1
If fel,sepEel,chp>fF4,chpEF,chp <1-e-vfeljsep><)> then

NchpOchp
q)loc =0
fo.cnp=0
f _ fF.,chp(cchp"‘l) (A5’)
elchp=— ~ ~

T]chp Gchp

The condition (¢ + 1)b > 1, for which Egs. (A5’) hold true,
corresponds to the extreme situation in which: (1) the entire heat
consumption in the local area is cogenerated, and (2) the non-
cogenerated electricity is produced by relatively low-efficiency
power plants, consuming more primary energy than the cogene-
ration facilities in the local area would consume to cogenerate the
same amount of electricity.

Examples of the two particular cases relevant to Egs. (A5’) and
(A4') are provided in Fig. Al.

301 i 1
] fel.loc§

25 f

BPST|

20 =

15 &

[T R A WS IR MO S

0.5 L

0 0.2 0.4 0.6 0.8 1
'YQ,chp

Figure Al. 9|, and primary energy factors plotted as functions of the parameter yqcnp for
two particular cases corresponding to Eqs. (A4’) (top) and Egs. (A5’) (bottom), respectively.
Top: local area with joc = 0.06, fojsop = 2.8, fig sep = 1.38 and CHP facilities based on
steam cycle technology with back-pressure steam turbine (BPST) with fgenp = 11,
cnp = 0.065, and nenp = 0.85. Bottom: local area with aioc = 2, foy sep = 2.8, fgsp = 1.22,
and CHP facilities based on combined cycle (CC) technology with fg ¢y = 1.1, 0cnp=1.2,and
7Nehp = 0.78. Dashed lines in both figures refer to the primary energy factors calculated with
the classical SPR method. Note that for the BPST case, here we plot (D,;l instead of @, since
Do — ® aS Yqchp tends to its maximum value Gioc/Gehp = 0.923.

Of course, we expect that as x begins to depart from zero, not
only y departs from zero, but the curve will bend. Indeed, the
second partial derivative of y(x,a,b,c) is

o’y o*f/ox*  of ox
x> f/ay  (af jay)?

(1-a)y?+[c—(1—a)—(c+1)ably—c
(of /ay)?

and, aty = 1 and x = 0, it is equal to —ab+a?b?+a®b/(c+1), hence,
for a < 0O it is positive so the curve at y = 1 and x = 0, which is
increasing, bends upwards whereas, for 0 < a < (c+ 1)/(b + bc + 1)
it is negative so the curve at y = 1 and x = 0, which is decreasing,
bends downwards.

Finally, for given x > 0 we may ask if y is an increasing or
decreasing function of the other parameters. For example, as
a function of the efficiency of the chp plant,

0%f Joxoy =

2(1-a)y—(1—a)+c—(c+1)ab]
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9y  of/ob  (c+ 1)axy

ob — of/ay  ay/oy

from which we see that (df/ob)a < 0 throughout, i.e., for a < 0
it increases with b while for a > 0 it decreases with b as evidenced
by the curves shown in Figures A2 and A3 respectively.

Again, as a function of ojoc (Which determines the value of the
parameter a in case of chp plants with fixed electric index Gchp)

oy  of/oa _[1—(c+1)b—yxy
oa  ofjoy of /oy

We have seen above that fora > 0,y > 1 — (c + 1)b for every x,
therefore, (9f/da) < 0. Fora < 0, y starts aty = 1 for x = 0 and is
increasing with x therefore, again,y > 1 >1 — (¢ + 1)b and so we see
that (8f/da) < 0 throughout, which clearly implies that y decreases
with a, as shown by the curves reported in Figure A4.
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Figure A2. Plots of y versus (dchp/aioc) for prescribed values of a < 0, ¢, d, gnd different
\_/alues of b. Her_e we assumed the following fixed values: gcnp = 1, 1o = 0.475, fey gep = 2.8,
fosep = 1.22,fehp = 1.1.Therefore, n* = 0.5473,a= —1.1053,b = 1—1*[fjchp, € = 2.295,
d=122/2.8=04357.
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Figure A3. Plots of y versus x for prescribed values of a > 0, ¢, d, and different values of b.
Here the assumed fixed values are: gchp = 0.2, Gloc = 0.475, fejsep = 2.8, fg.sep = 1.22,
fF,chp = 1.1. Therefore, n* = 0.7416, a = 0.5789, b = 1—1*[nchp, ¢ = 0.4590, d = 0.4357.
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Figure A4. Plots of y versus x for prescribed values of b, c, 51 and differegt values of a.
Here the assumed parameters are: gcnp = 1, fichp = 0.78, fejsep = 2.8, fqsep = 1.22,
frcnp = 1.1. Therefore, n* = 0.5473, a = 1-1/01oc, b = —0.4253, ¢ = 2.295, d = 0.4357.
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