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Poly-generation systems for combined production of manifold energy vectors such as electricity, heat at
different enthalpy levels (for instance, in the form of hot water and steam), and cooling power from a
unique source of primary energy (typically natural gas) are increasingly spreading, above all on a
small-scale basis (below 1 MW,), owing to their enhanced energy, environmental and economic charac-
teristics. Availability of suitable tools for assessing the performance of such systems is therefore funda-
mental. In this paper, a unified general model is proposed for assessing the energy and CO, emission
performance of any type of poly-generation system with natural gas as the energy input. In particular,
the classical energy saving model for cogeneration systems is extended to include in the analysis further
energy vectors by defining the novel PPES (Poly-generation Primary Energy Saving) indicator. In addition,
equivalent efficiencies for CO, emission assessment are defined and used in the formulation of the new
PCO2ER (Poly-generation CO, Emission Reduction) indicator, specifically introduced for environmental
analysis. The formal analogy between the PPES and the PCO2ER indicators is highlighted. Numerical
applications are provided to show the effectiveness of the proposed models and to quantify the typical
benefits that poly-generation systems can bring. In particular, the new indicators are of relevant interest
for both energy planners and policy makers, above all in the outlook of formulating financial incentive
strategies, as it already occurs for cogeneration systems, or of participating to specific energy-related
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markets such as the ones for trading white certificates or emission allowances.
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1. Introduction

Cogeneration (or Combined Heat and Power, CHP) [1] is widely
acknowledged as an effective technique allowing for fuel primary
energy saving with respect to the Separate Production (SP) of
electricity (from power plants) and heat (from boilers). In the last
decade, the diffusion on a small-scale size (below 1 MW,) of ther-
mal-based Distributed Generation (DG) [2,3] technologies has al-
lowed cogeneration to be economic-effective also for sizes well
below those of traditional bigger industrial and district heating
applications [1]. In addition, the last years have witnessed an
increasing trend in energy consumption for air conditioning pur-
poses, above all in the summertime. From this point of view, cou-
pling thermally-activated cooling technologies [4] to cogeneration
systems gives the possibility to set up the so-called trigeneration
systems [5-7], also known with the acronym CHCP (Combined
Heat Cooling and Power) [8] or CCHP (Combined Cooling Heat
and Power) [9,10], mostly based upon absorption chillers fed with
waste heat produced in cogeneration. Different types of trigener-
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ation systems can be set up by exploiting cooling generation
equipment other than absorption chillers fed by cogenerated heat
(for instance, engine-driven chillers [10-12]), so leading to a gen-
eralized approach to trigeneration system planning and evalua-
tion [13-15].

Besides their energy saving potential [1,7,8,14,15], CHP and
CCHP plants can also bring significant CO, emission reduction,
especially in those countries where the separate production of heat
and above all electricity is characterized by high level of CO, emis-
sions, mostly from fossil fuels [16,17]. This is even more true if con-
sidering that small-scale DG technologies are mainly fueled by
natural gas, which is “cleaner” than coal or oil owing to its lower
carbon content [3,18].

From a more general point of view, it is possible to extend the
analyses from CHP and CCHP systems to the so-called poly-genera-
tion or multi-generation systems [19,20] (that entail CHP and CCHP
ones as sub-cases). These energy systems can provide different
types of energy vectors (for instance, a quad-generation plant with
electricity, cooling, and heat in the form of hot water and steam)
from a unique source of fuel such as natural gas. In this respect,
the integration of various energy sources and energy vectors is a
topic of current interest, with emerging concepts like virtual power
plants [21] or hybrid energy hubs [22,23].
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Nomenclature

Acronyms

CCHP Combined Cooling Heat and Power
CHCP Combined Heat Cooling and Power
CHP Combined Heat and Power

CoP Coefficient Of Performance

DG Distributed Generation

FESR Fuel Energy Saving Ratio

ICE Internal Combustion Engine

LHV Lower Heating Value

PES Primary Energy Saving

PPES Poly-generation Primary Energy Saving

PCO2ER Poly-generation CO, Emission Reduction
SP Separate Production

TPES Trigeneration Primary Energy Saving
Subscripts

c cooling

e electricity

f fuel

h hot water

s steam

t thermal
X generic end use

Superscripts

d demand

p poly-generation

SP separate production
y cogeneration

~
2]
=
=
]
4

mass (g)

set of demand energy vectors and types of energy
fuel thermal content (kWhy)
hot water (kWh,)

heat (kWhy)

cooling (refrigeration) (kWh,)
steam (kWh,)

electricity (kWh,)

generic energy vector (kWh)
efficiency

emission factor (g/kWh)
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The spread of cogeneration is often boosted from a regulatory
outlook. In fact, in several countries cogeneration is regulated
within well-established frameworks [24,25], with the rationale of
pushing towards higher-efficiency energy generation techniques.
Thus, an extension to explicitly consider trigeneration and more
in general poly-generation within regulatory frameworks is suit-
able for the next future. In addition, new markets are arising
worldwide to comply with the Kyoto Protocol commitments, by
applying for instance emission trading schemes [26], or trading
the so-called white certificates (efficiency market) (see for instance
[27] for Italy). Poly-generation systems could be protagonist in
these markets, owing to their enhanced high-efficiency and low-
emission characteristics. Therefore, availability of tools and proce-
dures enabling the operators to effectively assess both the energy
saving and the CO, emission reduction brought by adopting a
poly-generation system is of key interest.

On these premises, following the classical approach to cogene-
ration system evaluation through the PES (Primary Energy Saving)
indicator [25], in this paper the energy system evaluation is ex-
tended to poly-generation systems by introducing the novel PPES
(Poly-generation Primary Energy Saving) indicator. In addition,
an equivalent model is formulated for assessing the CO, emission
reduction owing to combined poly-generation systems by intro-
ducing the novel PCO2ER (Poly-generation CO, Emission Reduc-
tion) indicator. In particular, suitable equivalent efficiencies are
defined for assessing the CO, emissions from conventional means
for producing separate energy vectors. In this way, the formulation
of the PCO2ER becomes structurally identical to the one of the
PPES, thus obtaining a unified model for the evaluation of the en-
ergy saving and greenhouse gas emission reduction from combined
poly-generation systems based on a unique fuel source such as nat-
ural gas, with respect to the conventional separate production of
the relevant energy vectors. The effectiveness of the proposed eval-
uation models is assessed through specific case study applications
that highlight the potential of the indicators introduced and quan-
tify the energy and environmental benefits it is possible to pursue
by exploiting currently available technologies. In addition, the key
role played by proper selection of the reference values for separate
production is pointed out, which could be particularly useful for
assisting the development of adequate policy frameworks concern-
ing poly-generation systems.

2. Components, models and characteristics of poly-generation
systems

A poly-generation plant can be conceptually seen as composed
of different combined structures interacting among each other
[13,15]. Focusing on small-scale applications, with reference to
Fig. 1, the poly-generation plant can be generally represented as
the combination of the following main blocks:

e The cogeneration side, containing a CHP group [1], based upon
DG technologies such as Internal Combustion Engines (ICEs) or
microturbines [2,3,18], and a combustion heat generator
group, typically boilers for hot water or steam generation
[11,18], targeted for both back-up and thermal peak-shaving
operation. Typically, equipment for small-scale applications
are natural gas-fueled, also owing to the broad availability of
natural gas through distribution systems at relatively cheap
rates.

e The cooling side, which can be made up of different alternatives,
also taking into account the physical connection with the cogen-
eration side [11,13]. Typical equipment that can be adopted are
electric chillers, absorption chillers (direct-fired by natural gas
or fed by cogenerated heat), absorption/electrical heat pumps
(in case reversible), engine-driven chillers and engine-driven
heat pumps (also often reversible) [4,11,28,29].

e An energy buffer [30-32], composed by a cooling storage system
and/or a thermal storage system, enabling a more effective and
profitable management of the plant.

e The user side, with loads representing the various types of
energy demand and possible connections to external energy net-
works (i.e., the electrical grid, district heating and district cool-
ing networks). The connection to the electrical grid allows for
satisfying the energy needs in any condition (including the stops
for outages and maintenance) and gives wider opportunities to
profitably run the plant, for instance in the competitive electric-
ity market [13].

The energy flows illustrated in Fig. 1 are related to electricity W,
heat Q, cooling energy R, and primary energy F contained in the
fuel (for instance on the basis of the fuel LHV). In particular, the
thermal power Q could be supplied at different enthalpy levels
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Fig. 1. General poly-generation plant layout and energy flows.

(for instance, hot water for space heating and steam to fire an
absorption chiller or for industrial uses).

3. Energy performance assessment of poly-generation systems

3.1. Performance evaluation of cogeneration and trigeneration
systems

Among various possible approaches to cogeneration perfor-
mance evaluation [1,18], the comparison of the energy produced
in a combined system with respect to the separate production of
the same amount of the cogenerated energy vectors is particularly
appropriate and effective [24]. Such an approach is typically based
on the PES indicator [25], also known in the literature as FESR (Fuel
Energy Saving Ratio) [1,18]. Through the PES, the primary energy
saving brought by adopting cogeneration is evaluated with respect
to the separate production of electricity and heat in conventional
reference generation systems with electrical efficiency #3 and
thermal efficiency #¥, respectively. In line with this approach, it
is natural to extend the analysis to take into account the manifold
energy vectors produced in a combined plant. Specific indicators
have been proposed to extend the evaluation to classical trigener-
ation systems fed by cogenerated heat, for instance simply using
the PES evaluated in a trigeneration case [8], or defining a specific
energy saving index [14,33].

3.2. Performance evaluation of poly-generation systems: the PPES
indicator

The complexity of the issues related to adopting poly-genera-
tion systems calls for working out synthetic indicators for charac-
terizing their energy and environmental performance. In
particular, with the approach proposed in this paper, the plant is
interpreted as a black-box (Fig. 2), of which it is possible to build
an equivalent performance model on the basis of the only input-
output energy flows, without entering into the detailed representa-
tion of the internal components.

For notation purposes, the various energy entries are calculated
over a given time span (for instance, hourly, daily, annual) depend-
ing on the purpose of the study. The set D contains the pairs (X,x),
each of which is formed by an energy vector X with the corre-

Input

Poly- tion syst
oly-generation system Output

)

F black-box

Fig. 2. Black-box model and energy flows for a poly-generation system.

sponding type of energy x characterizing the useful output
(demand).

Following the lines drawn for co- and tri-generation [14], an
indicator that can be applied to any kind of poly-generation sys-
tem is introduced here. This indicator is called PPES (Poly-gener-
ation Primary Energy Saving) and is expressed in a compact form
as
FP —FP PP

1- (M
FSP Z(X,x)eD%

PPES =

where the superscript p points out poly-generation, and the set D
contains, as introduced above, the useful output (demand) of vari-
ous types of energy from the poly-generation system (including dif-
ferent forms of the same energy type, for instance hot water or
steam in the case of heat generation). The relevant energy entries
bear the following meaning:

o FPis the primary energy generated through conventional SP sys-
tems to satisfy the same demand of different energy types in the
poly-generation system.

e FPis the fuel thermal input (primary energy) to the whole poly-
generation system, including for instance the fuel to feed the
CHP unit, the boilers, and in case the cooling generation equip-
ment directly fed by fuel.

e The entry XP represents the actual energy output value of a gen-
eric energy vector (e.g., electricity WP, heat QP, or cooling RP).
For instance, in a classical trigeneration system a share of hot
water can be produced to feed a single-effect absorption chil-
ler, the remainder being used for thermal purposes. Therefore,
the heat considered in QP is only the one corresponding to the
hot water generation for thermal purposes, while the part to
feed the chiller is accounted for through the evaluation of
the cooling output RP. Thus, with the black-box approach, no
matter what happens inside the plant, the only energy flows
to take into account are the ones visible from the outside
(Fig. 2).

e Each term 7’ represents the separate production efficiency
(conventional value) for the generic energy vector X produced.
The relevant efficiency of each energy vector is taken as reference
to evaluate the primary energy (thermal energy contained in the
fuel) that would be necessary to produce the same amount of
the different energy vectors produced in the combined plant
through conventional SP means. Of course, the numerical values
to assign to these efficiencies and their definition itself represent
matter of discussion for the development of a regulatory frame-
work (as for the PES at the European level [24,25]). In particular,
choosing a reference efficiency as opposed to another one can
consistently change the results of the energy efficiency assess-
ment for the specific energy vector and for the whole system
[14]. In general, two limit-case approaches are possible, one
making reference to average performance for the SP equivalent
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equipment, the other one making reference to state-of-the-art
SP efficiency values. A comprehensive example highlighting
these aspects is provided in Section 5.

4. Environmental performance assessment of poly-generation
systems

4.1. The emission factor model for evaluating CO, emissions from
combustion devices

The assessment of any type of emissions from any combustion
device can be carried out through an approach based on the eval-
uation of the relevant emission factors [17,18,34,35]. Focusing on
CO, emissions, the mass m’éoz (typically in (g)) of CO, emitted to
produce the useful energy output X can be estimated according
to a model such as [16-18,34,35]:

m)éoz = ll)c(oZ X (2)

o the useful output X in general can be electrical energy W (kWh,),
heat Q (kWhy), or cooling energy R (kWh,);

. :u)éoz is the CO, emission factor to produce the generic useful
energy output X, that is, the mass of CO, emitted per unit of X,
and represents the CO, specific emissions typically expressed in
(g/kWh).

More specifically, the carbon dioxide emitted when burning a
given typology of fuel can be assessed according to the character-
istics of the relevant chemical reaction, and depends in particular
on the carbon content and the LHV of the specific fuel [18,35].
Hence, the model (2) can be rewritten by introducing the emission
factor ﬂéoz referred to the primary energy generated while burning
the fuel, that is, the CO, emission factor referred to the fuel thermal
content F in input, which depends on the specific fuel [17,18,35].
Then, since the relation between the fuel input and the generic en-
ergy output is given by the relevant efficiency, it is possible to draw
an emission factor model for the conventional CO, emissions re-
ferred to the energy output as [35]

F
:“;OZ, for (X,x) € D 3)

X

F X
Mco, = keo, " F = tgo, - X = l‘)c(o2

where 7y is the relevant equivalent efficiency to generate the corre-
sponding output X from the input F (for instance, the electrical effi-
ciency 7. for generating electricity W in a power plant).

4.2. Environmental evaluation of poly-generation systems: the
PCOZ2ER indicator

In the literature, a few models have been proposed for evaluat-
ing the emission reduction brought by cogeneration and seasonal
trigeneration (where all the cogenerated heat is used to fire an
absorption chiller) systems [16], or for highlighting the key vari-
ables involved in the energy and environmental assessment of tri-
generation systems [17]. The generalization of these models to any
type of poly-generation systems and in a more general and com-
pact form is proposed here, resorting to the same approach illus-
trated in Section 3.2 and in analogy to the deduction of the PPES
(1), by introducing the PCO2ER (Poly-generation CO, Emission
Reduction) indicator as
(mEo,)” — (mEo,)” (o)) P

PCO2ER = — (R
(mgo,) > xxen(Hto,)” - X

(4)

where

. (m‘éoz)p (g) is the CO, mass emitted by the poly-generation sys-
tem while producing the demand energy vectors in D, and that
can be estimated according to the model (3).

e The term (mﬁoz)SP (g) represents the carbon dioxide mass that
would be emitted if the same amounts of the demand energy
vectors in D were produced in separate production. The estimate
of these CO, emissions, of course conventional, passes through
the evaluation of the different terms (1, )*, that is, the refer-
ence emission factors to produce the relevant energy vectors
XP in separate production. For instance, in a cogeneration plant
the energy vectors to evaluate would be the cogenerated elec-
tricity W” and the cogenerated heat Q. Consequently, the emis-
sion factor to consider would be (uf €0, Y (g/kWhg) for the fuel
input to the CHP system, (uf% )* (g/kWh ) for the conventional
separate production of electricity, and (1&,)™" (g/kWhy) for the
conventional separate production of heat.

Apparently, the structure of the PCO2ER indicator is in all sim-
ilar to the one of the PPES, with the role of reference efficiencies for
the separate production now covered by the inverse of the refer-
ence emission factors. Actually, the analogy between the expres-
sions (1) and (4) can be further highlighted by introducing the
CO, emission equivalent efficiency (VICOZ);S(P , in correspondence of
the relevant pairs (X,x) € D, defined as

F
(o, )T = — 02 (5)
:“coz)

The equivalent efficiency (5) has indeed the dimension of an effi-
ciency (for instance, it is measured in (kWhe/kWhy) in the case of
electricity). In the environmental impact assessment of a poly-gen-
eration system, it plays the same role as the “classical” efficiency for
energy analysis. However, while the primary energy saving evalua-
tion through (1) depends only upon the relevant efficiencies refer-
ring to sheer energy, when evaluating (5) it is possible to consider
different types of fuels and equipment characteristics, with subse-
quent different CO, emission profiles, that change case by case
the numerical value of (4). For instance, the reference emission fac-
tor for electricity production (Hco )*" could be calculated as an aver-
age value accounting for the various emission factor figures from
the different types of power plants in the power system, or it could
be evaluated as referred to a specific power plant typology (e.g., nat-
ural gas-fueled combined cycle). In addition, the relevant CO, emis-
sion equivalent electrical efficiency (ncoz)zp , calculated on the basis
of (5), would depend on the specific fuel input to the poly-genera-
tion system through P‘co In any case, the conceptual analogy be-
tween (1) and (4) is stralghtforward and can be highlighted by
rewriting (4) in the form
FP
PCO2ER=1—- ———— (6)

X0
XXED (yeo, )3

Given a poly-generation system, positive values of the indicators (1)
and (6) correspond to positive energy saving and emission reduc-
tion with respect to the conventional SP references considered.
Some numerical applications pointing out the above concepts with
different analyses and approaches are provided in the sequel.

5. Case study applications

5.1. Description of the case study applications and general evaluation
models

Let us consider a poly-generation plant composed of a small-
scale CHP ICE [36] coupled to an absorption chiller fed by cogener-
ated heat. In particular, the ICE is characterized by the relevant
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electrical and thermal efficiencies, while the absorption chiller is
characterized by its COP = R/Q [4,11,28,29], in which R is the chiller
output (cooling energy) and Q is the chiller input (thermal energy),
in this specific case cogenerated by the ICE. Since all the energy and
environmental evaluations performed refer to relative values, it is
possible to avoid considering explicitly the specific sizes of the var-
ious equipment, thus making reference only to the relevant perfor-
mance characteristics (set to average values for small-scale
equipment available in the market). Similarly, the relevant energy
entries are calculated over a common assigned time window, for
instance annual, assuming constant values for the system perfor-
mance parameters in the operational time window.

The cogeneration ICE produces both hot water at 80 °C (from
the engine coolant and lubricant circuits) and steam at 10 bar
and 183 °C (from the exhaust gases in a heat recovery steam gen-
erator). Thus, it is possible to model the heat production through
two equivalent thermal efficiencies, one for hot water production,
nn = 0.28, and one for steam production, 55 = 0.13, the sum of which
clearly representing the overall thermal efficiency. The electrical
efficiency is ne = 0.33.

As far as the absorption chiller is concerned, let us consider
alternatively the presence of a single-effect chiller [4,11,28,29],
fed by cogenerated hot water, with COP = 0.65 (Case 1), and of a
double-effect chiller [4,11,28,29], fed by cogenerated steam, with
COP=1.1 (Case 2), both producing chilled water at 7 °C. For the
two cases, let us hypothesize that only a share of the relevant ther-
mal energy vector is used to fire the chiller, while the rest is
exploited for the user’s needs. In particular, as illustrated in the se-
quel, the relative share of cogenerated heat (hot water or steam)
used to fire the chiller can be indicated through an approach based
upon suitable dispatch factors, whose general framework is de-
scribed in [22].

According to the energy saving evaluation model (1), the system
considered can be evaluated out by writing the PPES indicator as

FP_pp FP

SP WP |, HP P RP
e h s c

PPES =

(7

In (7), FP is the fuel thermal input (kWhy) to the poly-generation
system, while WP is the electricity output (kWh,), HP the thermal
output (kWh,) in the form of hot water (at 80 °C), SP the thermal
output (kWh,) in the form of steam (at 10 bar), R” the cooling out-
put (kWh.) in the form of chilled water at 7 °C. The equivalent
fuel thermal input FS* that would be needed adopting SP conven-
tional means is worked out through the relevant reference effi-
ciencies. Thus, n is the reference efficiency for conventional
electricity-only generation, #° the reference efficiency for hot
water-only conventional thermal generation, ™ the reference
efficiency for steam-only conventional thermal generation, and
™S the reference efficiency for cooling-only conventional genera-

§r=8"=5"
F'=F" CHP ICE
'l: (Me> N> M)
W =Ww"=W"
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tion. More specifically, the reference electrical and thermal effi-
ciencies can be related to SP models occurring, respectively, in
power plants and boilers (for hot water or steam production).
Similarly, the most common way of producing cooling power is
through electrical chillers, so that it is possible to further specify
the model (1) by explicitly considering, within the equivalent
cooling generation efficiency #%S, the COPS’ of the reference elec-
trical chiller, as also indicated in [8,33] for CCHP systems. Thus,
it is possible to draw a more practical model for carrying out
the poly-generation primary energy saving evaluation as
SP P P
il FSPF =1- Wu&F (8)
P

PPES =

,

In particular, setting R = 0 in (8), and considering thermal produc-
tion in the form of hot water-only (SP = 0) or steam-only (HP = 0),
the expression for the PPES turns into the classical PES [1,18,25]
for cogeneration systems.

Following the same approach, and according to the model (6)
and to the related considerations carried out in Section 4.2, it is
possible to calculate the PCO2ER indicator as

FP
PCO2ER — 1 — )
WP _RP__
copSP HP + sP
e S U N

in which (ico,)2"» (co,)n and (1co,); are the equivalent CO, emis-
sion efficiencies for conventional generation of electricity, hot
water and steam, respectively. All the CO, emission equivalent
efficiencies are specified with reference to the relevant fuel input
to the considered poly-generation system, according to the defini-
tion (5). In particular, comparison between (8) and (9) emphasizes
for this specific case the general formal analogy between (1) and
(6).

In the sequel, the fuel input to the poly-generation system, i.e.,
to the ICE, is assumed to be natural gas, to which corresponds a
carbon dioxide emission factor equal to about uf,, =200 g/kWh,
calculated with respect to the fuel LHV [16,18].

5.2. Case 1: Plant and evaluation models for the poly-generation
system with single-effect absorption chiller

Considering the single-effect absorption chiller, the relevant
plant model can be represented as in Fig. 3. In this case, all the
cogenerated electricity W? and the cogenerated steam S are used
to supply the user’s demand, part of the cogenerated heat H” sup-
plies the hot water demand HY, and the remaining part H® is used
to fire the chiller to satisfy the cooling demand RY. In particular, the
relative share of cogenerated hot water used as thermal input to
the chiller is described through the heat-to-cooling dispatch factor
ag [15], so as to yield HR = o - H and Ho%=(1 — ag) - .

absorption R’ =R*
chiller :>
(cop)
Hd
S"+H' =0’

Fig. 3. Poly-generation system model with single-effect absorption chiller.
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Thus, with reference to the expression (8) and to the energy
flows in Fig. 3, in this specific case the PPES can be expressed as
Y
PPES=1- F
W+RHC0PSP+(1 2R Hy+

g

In addition, by exploiting the relevant definitions of electrical effi-
ciency and thermal efficiencies (for both hot water and steam gen-
eration) given in Section 5.1 for the considered ICE, the expression
(10) can be rewritten equivalently as

1

Me 4 Mhoy Ms My _COP
s T osh o “R( R COPSI’)

(10)

PPES=1 —

(11)

e N I

In analogy with the expression (11), the relevant PCO2ER (9) in this
specific case can be readily worked out as

PCO2ER =1 — L

e + "Th + s — " _ cop
R
(1co, e’ (nco, )y (1co, )5 (nco, )iy (ico,)e" COP*"

(12)

5.3. Case 2: Plant and evaluation models for the poly-generation
system with double-effect absorption chiller

In analogy with Case 1, let us consider the user in Fig. 4, with
the double-effect absorption chiller fired by part of the cogenerat-
ed steam (again described through the relevant dispatch factor o),
while all the cogenerated hot water is used to supply the user’s
needs.

In this case, it can be readily worked out that the relevant
expressions for the energy saving and the emission reduction are
respectively

1
PPES =1 — (13)
Frdri oy &)
1
PCO2ER =1 —
e h s _ Ns _ s cop
(1o, e * (1co, )y + (1c0,)3" R (('7c02)gp (1coy e COPSP)

(14)

5.4. Numerical applications and results

A number of analyses have been performed in order to point out
the role of the variables and of the parameters involved in the en-
ergy efficiency and environmental evaluation, by plotting the PPES
and PCO2ER indicators with respect to the relevant dispatch factor
og as the independent variable for different numerical values for
the reference efficiencies. In this respect, as far as the energy effi-
ciency evaluation is concerned, two sets of values have been as-
sumed for the separate production references:

H’
Fr=F’ CHP ICE
) o
Wr=w"=w*
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e Set Al, corresponding to average values of the reference efficien-
cies, with 43" = 0.4 (close to the Italian average production effi-
ciency of the power system, including transmission and
distribution losses), 73" = 0.85 (average boiler efficiency for res-
idential hot water generatlon) P = 0.8 (average boiler effi-
ciency for industrial steam generatlon) and COPSF = 3 (average
COP for small/medium-scale electrical chillers).

e Set A2, with numerical values of the reference efficiencies close
to the ones of the today’s best available technologies for the sep-
arate production, that is, #* = 0.55 (large combined cycles),
ni¥ = 0.99 (for hot water generation in condensing boilers, with
reference to the fuel LHV), #* = 0.9 (for steam generation in
large industrial boilers), and COPS* = 5 (for medium/large-scale
electrical chillers).

As far as the emission evaluation is concerned, it is generally
possible to adopt the same kind of approach. Therefore, it is possi-
ble to consider two sets of reference values for separate
production:

e Set B1, again with reference to the Italian case, with average CO,
emission factor for the thermal units operated in the power sys-
tem (uf%, )*" 2 700 g/kWh, [37]; this corresponds to a CO, emis-
sion equ1valent electrical efficiency (1co, )SP =~ 0.29, on the basis
of (5) and with natural gas as input to the ICE. Similarly, average
emission factor values can be used as references for the produc-
tion of hot water and steam, for instance (:“co W =280 g/kWhy,

corresponding to ('koz)h ~0.71, and (Hco) =~ 350 g/kWhy,

corresponding to (ico, ) =~ (.57, assuming a mix of fuels as
input to make up the model for the reference equivalent boilers
(emission data from different boilers taken from [18]). In addi-
tion, to complete the evaluation of the expression (14), the value
COPSP = 3 has been considered, as above.

e Set B2, corresponding to adopt values closer to the state-of-the-
art. In this case, natural gas (the cleanest one in terms of CO,
emissions among the commonly and widely adopted fossil fuels
[2,18,34,35]) is assumed to be the input to the same state-of-
the-art SP means as in Set A2, and the CO, emission characteris-
tics can be calculated on the basis of the model (3). Therefore,
since also the ICE is fed by gas, comparing (3)-(5) leads to the
conclusion that the conventional reference efficiencies for
energy evaluation and C02 emission evaluations are numerically
the same namely, ¥ = (co, )P =~ 0.55, = (co, i =2 0.99,
and »%f (Wcoz)s =~ 0.9. This is a logical consequence of the fact
that, according to the unified model introduced, given the same
fuel and thus the same emission factor P‘éoz for both the poly-
generation system and the SP references, the energy saving
and CO, emission reduction characteristics are the same. Hence,
there will be no numerical difference between the PPES and the
PCO2ER indicators, as shown above.

absorption R’ =R’
chiller :>
(cop)
S d
S"+H' =0’

Fig. 4. Poly-generation system model with double-effect absorption chiller.
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Fig. 5. PPES and PCO2ER for the poly-generation system with single-effect absorp-
tion chiller.
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Fig. 6. PPES and PCO2ER for the poly-generation system with double-effect abso-
rption chiller.

The numerical results for the PPES and the PCO2ER indicators
according to the approaches outlined are shown in Fig. 5 for the
plant based on the single-effect absorption chiller of Fig. 3, and
in Fig. 6 for the plant based on the double-effect absorption chiller
of Fig. 4.

5.5. Discussion on the numerical results

The results in Figs. 5 and 6 clearly show how the plant perfor-
mance depends on the relevant dispatch factor. In particular, the
extreme cases for ag = 0 and «g = 1 correspond, respectively, to tri-
generation of electricity, hot water and steam, and to trigeneration
of electricity, cooling and steam (Case 1) or hot water (Case 2). In
this sense, it can be pointed out that the more the heat employed
for cooling production purposes (i.e., with higher o), the lower the
energy saving and the CO, emission reduction brought by the com-
bined poly-generation. This is implicitly due to the fact that the
cooling separate production is carried out through electrical chill-
ers with a combination of reference electrical efficiency and refer-
ence COP relatively high with respect to the absorption chiller COP.
In fact, with the Set A2 (COPS” =5 and 4% = 0.55) the performance
reduction for increasing values of oy is steeper than in the case with
the Set A1 (COP = 3 and 4% = 0.4). In addition, in Fig. 6, with per-
formance of the double-effect absorption chiller almost doubled
with respect to the single-effect one, the performance reduction
for increasing values of oy is far less evident than in Fig. 5, above

all for the Set A1. Furthermore, the possible adoption of higher-per-
formance absorption chillers (triple-effect, with expected COP of
about 1.5 or even higher [29,38]) could even lead to positive perfor-
mance curve slopes by increasing «g, as confirmed by simulations
for similar cases in [39], at least with the lower SP references.

As general comments, with average SP reference values (Set A1
and Set B1), the performance of the poly-generation systems con-
sidered in the case study is excellent. In particular, primary energy
saving above 20% and CO, emission reductions above 40% (with re-
spect to the Italian power system) can be reached. However, the
energy and environmental benefits are basically absent when the
SP reference values become close to the state-of-the-art (Set A2
and Set B2).

5.6. Considerations on the selection of the reference efficiencies for
separate production

The energy and environmental assessment model introduced is
completely general and enables to run different types of analyses.
In particular, it is important to point out that, starting from the
same evaluation model, the specific SP references selected as input
data can reflect different approaches. Focusing on the environmen-
tal performance, generally speaking the comparison assuming the
same fuel (namely, natural gas) as input to both the separate gen-
eration equipment and the cogenerator addresses the rationale of
assessing the benefits brought by the poly-generation system ow-
ing to the high-efficiency of the combined production. Indeed, in
this case since the same CO, emission characteristics per fuel en-
ergy unit hold for both combined production and separate produc-
tion, there is no structural difference between producing energy or
emitting CO,, as pointed out by the unified model introduced. On
the contrary, approaches using different input data (making refer-
ence for instance to average SP figures for the CO, emission char-
acteristics) would be useful to evaluate the emission reduction
within a specific energy framework (a region, a country, and so
on) in terms of global environmental impact.

In principle, even better numerical values than the ones used
here could be set up for the SP reference efficiencies, in particular
about the CO, emission from centralized electricity generation. For
instance, this could be the case of considering the average emis-
sions from a whole power system based upon renewable sources,
such as Norway, or nuclear fuel, such as France, as discussed in
[16]. Hence, the poly-generation system considered in this case
study could bring excellent benefits in a country such as Italy, with
a power system mostly based upon thermal power plants, with
average production efficiency relatively low with respect to the up-
dated combined cycles, and supplied by a mix of fuels such as coal,
oil, gas, and so on, with emissions far higher than from natural gas
only. Instead, as it is easy to work out through the model (9), the
same poly-generation plant would bring basically no environmen-
tal benefit in a country such as France, where the average emission
factor is equal to about (u"‘éoz)sp =~ 80 g/kWh, [40], corresponding
to (17CO2)§P =~ 2.5. This latter value higher than unity must not be
surprising, given the particular definition of CO, emission effi-
ciency (9), when dealing with nearly zero-emission technologies
such as the nuclear ones (neglecting the manufacturing process
[28,41]).

Apart from the specific figures of the generation systems in a gi-
ven region, in general it could be arguable what approaches are
most suitable for setting up the numerical references for the sepa-
rate production for both the energy and the environmental assess-
ment, in line with the considerations drawn in several studies for
cogeneration systems [24,25,42-44]. More specifically, the general
reasoning streamlines are that on the one hand poly-generation
systems could substitute the production from a wide range of sys-
tems, so that definition of average figures for the reference efficien-
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cies (for both energy generation and CO, emissions) would be suit-
able; on the other hand, updated technologies could be installed
instead of the poly-generation plant, so that definition of SP refer-
ences close to the state-of-the-art would be more consistent. In
any case, it has also to be considered that updating the technolo-
gies averagely available for the separate production of different en-
ergy vectors to the state-of-the-art takes time, above all for what
concerns large power plants (e.g., combined cycles). Meanwhile,
small-scale poly-generation systems could be fast installed and
bring consistent energy and environmental benefits, as shown
here.

6. Concluding remarks

Natural gas-fueled poly-generation systems are increasingly
spreading worldwide, above all on a small-scale basis, owing to
the energy and environmental (as well as economic) benefits they
can bring. In this sense, this paper has introduced and discussed a
novel and unified model for assessing the energy and environmen-
tal performance of poly-generation systems fueled by a unique
source of primary energy such as natural gas. Within this general
framework, the new PPES and PCO2ER indicators, structurally
identical, have been introduced to assess, respectively, the primary
energy saving and the CO, emission reduction brought by exploit-
ing the combined generation of manifold energy vectors as op-
posed to the conventional separate production of the same
energy vectors. Various existing indicators such as the FESR for
cogeneration systems, as well as other indicators for co- and tri-
generation energy and CO, emission performance evaluation, are
entailed as sub-cases within the proposed framework.

Comprehensive case study applications, with quad-generation
systems for combined production of electricity, hot water, steam
and cooling, have shown the potential and the effectiveness of
the proposed indicators in highlighting the relevant variables and
parameters involved in the plant evaluation. The analyses run
and the considerations on the numerical results from the case
studies point out the importance of setting up appropriate refer-
ence values for the conventional SP efficiencies. The numerical val-
ues of the reference efficiencies represent matter of policy
discussions, which may depend on the specific country, above all
for what concerns the greenhouse gas emissions from thermal
power plants.

From this outlook, the regulation in the future should explicitly
take into account the definition of adequate energy and environ-
mental performance indicators for poly-generation systems, as it
already occurs for cogeneration systems [24,25]. In this respect,
the indicators proposed here represent a standpoint also for fur-
ther policy development, aimed at fostering the diffusion of high-
efficiency and low-emission poly-generation systems. These issues
become even more relevant considering that, owing to their en-
hanced energy and environmental performance, the economic
profitability of poly-generation systems could consistently in-
crease if the plants were allowed to participate to various energy-
related markets [45] arising at the European and national levels
for emission trading [26], white certificates [27], green certificates
[27], and so forth.

These aspects are being included within a comprehensive
framework for technical and economic assessment of poly-genera-
tion systems with additional output typologies (for instance, dehu-
midification [46,47]) and also accounting for multiple input energy
vectors, thus bringing up the concept of poly-generation energy
hub [22,23]. In particular, the authors are now working on entailing
within the models formulated the possibility of exploiting different
fuel typologies as the thermal energy input (such as gas from bio-
masses or hydrogen). The peculiar energy and environmental char-

acteristics of these fuels call for more detailed analyses including
an energy and environmental life cycle assessment and accounting
for the processes to generate gas or hydrogen as the final input
to the poly-generation system [48-55]. The related results will
be reported in future contributions.
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