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ABSTRACT

The interest in hybrid power production facilities, based on the integration of renewable resources and
conventional fossil fuels, is rapidly rising. The question of what fraction of the electricity produced in
such facilities is to be considered as produced from the renewable resources is still being debated. We
show that the conventional Fossil-Centered-Solar-Share method and the Exergy-based method lead to
unfair allocations that may result in unfair access to subsidies granted to renewable electricity. We
propose a more balanced Single-Resource-Separate-Production-Reference (SRSPR) allocation method
based on prescribed reference partial primary energy factors chosen by some authority to represent
reference efficiencies of non-hybrid power production from the same renewable and fossil resources
used by the hybrid facility. We then show that as hybridization gains higher fractions of the local energy
market, the SRSPR method may still result in somewhat unfair allocations leading to local market dis-
tortions. To overcome this drawback, we formulate a more consistent Self-Tuned-Average-Local-
Productions-Reference (STALPR) allocation method whereby the electricity allocation fractions are
based on the average partial primary energy factors of the actual energy portfolio of the local area that
includes the hybrid plant itself. Results are illustrated with reference to a solar-integrated combined cycle

facility.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In many industrial and manufacturing facilities, higher effi-
ciencies are achieved by integrating the production of a mix of
different goods and/or using a mix of different resources and/or raw
materials. Such facilities are therefore either multi-generation
(cogeneration) or multi-resource, or both [1]. Whenever the pro-
cess consumes fossil primary energy, the achieved higher effi-
ciencies also imply a reduction of the associated CO, emissions [2].
Thus many of these solutions will play a prominent role in future
production scenarios. For instance, one can use a single resource,
such as coal or natural gas, to produce other fuels, such as liquid or
gaseous fuels, chemicals such as methanol, and electricity. One can
also use multiple sources, such as coal and biomass, solar energy
and fuels, to produce electricity. In these cases, a question that often
arises is how to allocate fractions of the single input resource to the
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different outputs, or how to allocate fractions of the single output to
the different input sources. This is important when incentives are
used to promote the use of particular resources, or to promote ef-
ficiency enhancement in the use of a single resource. In Ref. [1], we
focused on a single-resource multi-generation facility, such as a
gas-fired heat-and-power cogenerator, and addressed the problem
of defining a ‘fair’ method to allocate fractions of the single resource
among the different products, that is how much of the gas con-
sumption should be allocated to the production of heat and to
the production of electricity. In other words, we showed how to
determine the primary energy factors of heat and electricity pro-
duced in a cogeneration facility.

In this paper, we focus on the conjugate problem, that is, the
single-product multiple-resource facilities, and address the prob-
lem of defining a ‘fair’ method to allocate fractions of the product to
the different resources it consumes. An example of particular in-
terest in the energy sector, which motivates the present work and is
taken here as our case study, is that of the so-called ‘hybrid’ power
production facilities. In these power plants, one combines and in-
tegrates renewable energy resources, like solar energy, and fossil
fuel in conventional energy conversion systems such as steam
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cycle, gas turbine cycle, or combined cycle power plants. These
hybrid energy systems are receiving much attention because they
provide an economic, sustainable, and reliable use of renewable
energy under all load-demand conditions compared to renewable
resource-only facilities. The need to reduce CO, emissions that
contribute to global warming, and the accelerated consumption
and the rise in the prices of fossil fuels have motivated many
countries to adopt energy policies that promote the use of renew-
able energy and hybrid power plants [3]. In some cases, there are
mandates for producing a fraction of the electricity from renewable
sources. Since such policies usually provide subsidies to “renewable
electricity”, an important question arises as to how in a hybrid fa-
cility one should compute the fraction of the output electricity that
qualifies for the subsidies reserved to the use of renewable re-
sources. In other words, we need a ‘fair’ method to allocate the
electricity produced by the facility among the renewable energy
and fossil fuel it consumes in the process.

In the present analysis, we focus on the electricity allocation in
hybrid fossil-solar facilities, as they represent a viable solution for
dependable use of solar energy, while overcoming the hourly,
diurnal and seasonal variability without the need for storage. Be-
sides being a good answer to the intermittency problem, the inte-
gration of the two sources can be done in such a way as to maximize
the efficiency of the overall plant. The methodology we describe
here can be used for other configurations, such as geothermal-
fossil, geothermal-solar-fossil, biomass-fossil, etc. In all cases, the
overall objective is to estimate the fractional contribution of the
renewable source to the electricity produced by the plant in a way
compatible with the local electricity production portfolio. We will
show that resolving this allocation problem solves also the problem
of determining the fossil-fuel-to-electricity conversion efficiency
and the solar-to-electricity conversion efficiency of the hybrid po-
wer plant. Such conversion efficiencies can help the regulator to
provide fair incentives to promote the use of hybrid technologies
instead of single-resource technologies, much like incentives are
used to promote the use of cogeneration instead of separate-
production heat and power plants.

We introduce two methods of allocation. The first, that we call
Single-Resource-Separate-Production-Reference (SRSPR) allocation
method, requires the local energy authority or regulator to set a
reference efficiency for each resource-product pair and periodically
update them. For example, for the case of a hybrid facility using
natural gas and solar radiation, the SRSPR method requires a
reference efficiency for solar-to-electricity conversion and a refer-
ence efficiency for gas-to-electricity conversion. This method is the
conjugate of the classical method of allocation used in cogeneration
that, in Ref. [1], we called Separate-Production-Reference method
(SPR). The second method we propose is an adaptive marginal
allocation method (that we call STALPR). It is slightly more elabo-
rate but requires no prescribed reference efficiencies. Rather, it is
self-tuned and context-dependent by replacing the reference effi-
ciencies with the actual average efficiencies of the power plant
portfolio in the local area, including the hybrid facility itself. By
emphasizing and self-adapting to the local scenario, this method
addresses the role of local differences which are particularly
important in the case of solar-fossil hybrid facilities since the per-
formance of a renewable technology is strongly impacted by the
local geographical and weather conditions. The STALPR method
applies irrespective of the hybrid power plant technology and only
considers the overall performance parameters of the existing plants
in the area, namely, the existing renewable-only and fossil-fuel-
only facilities, and the hybrid facilities, including the one under
consideration.

Different hybrid fossil-solar configurations are possible and
many have been the subject of several studies in recent years,

dealing with technological integration issues as well as with the
metrics necessary to evaluate the hybrid plant from both the
thermodynamic and the economic points of view [4]. Three main
schemes are currently considered for the hybridization: the so-
larized gas turbines, the hybrid combined cycles, and the solar
reforming systems. Solarized gas turbines use a concentrating
solar power system to preheat the compressed air (up to tem-
perature around 1070 K) before it enters the combustion chamber.
Several configurations of solar hybrid gas turbine cycles in the low
to medium power range are examined in terms of performance
and costs in Refs. [5,6]. Solar energy is typically incorporated into a
combined cycle in two ways: in the gas turbine as in solarized gas
turbines or as supplemental solar heat to the bottoming Rankine
cycle. A comprehensive performance and economic analysis of
various solutions adopted for hybrid combined cycles can be found
in Refs. [7—9]. Finally with the solar reforming systems a solar
reformer is used to reform a traditional fossil fuel (like methane)
and then the reformate from the solar reformer is used as the fuel
in a traditional fossil fuel power cycle. References [10,11] deal with
such application in the cases of a gas turbine cycle and a combined
cycle respectively.

Moreover, different metrics have been used to determine the
relative performance of hybridized plants, using modified forms of
the first law and second law efficiencies, or focused on the contri-
bution of the solar energy such as the incremental solar efficiency
based on the input or output energy. We will show that the latter
metric, which implies the allocation rule used in the Fossil-
Centered-Solar-Share (FCSS) method, provides an unfair appor-
tionment of the benefits of hybridization among the two primary
energy resources used in the facility.

For the purposes of testing the different allocation methods
described in the present paper, we adopt the technology of Solar-
Integrated Combined-Cycle System (SICCS) with parabolic trough
solar field as our case study. Presently, this represents a mature
hybridization solution for large-scale application [12] as confirmed
by the recent implementation in few pilot plants such as the
Abengoa plant built in Algeria [13] and the Martin Next Generation
Solar Energy Center, completed in 2010 in Florida [14].

We use this case study to demonstrate the value of the proposed
approach.

The allocation problem we consider here is conjugate to the one
we described in Ref. [1], and our presentation will emphasize the
analogies wherever possible. In Section 2 we formally define the
general allocation problem and the ‘conventional’ FCSS method so
far adopted or under consideration by the regulators. We also
introduce two methods that to our knowledge have not yet been
considered in this context, namely, the Exergy-based Reversible-
Reference (EXRR) method and the Single-Resource-Separate-Pro-
duction-Reference (SRSPR) allocation method. We conclude Section
2 with a critique of these three ‘classical’ methods. In Section 3 we
propose our adaptive Self-Tuned-Average-Local-Productions-
Reference method (STALPR). In Section 4 we define a realistic
case study that we then use to compare the results of the SRSPR and
the STALPR methods. In Section 5 we define the primary energy
savings parameters characterizing a hybrid power plant and discuss
the rationale of possible incentive policies for hybrid plants. Section
6 gives the conclusions. The Appendix details the dual relationship
between the allocation problem discussed in the present paper and
the conjugate one addressed in Ref. [1].

2. Allocation problem definition for a hybrid power plant
We consider the allocation of a single-product (electricity) among

the different input resources (solar energy and natural gas) of the
hybrid power plant sketched in Fig. 1. On a yearly basis the hybrid
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Fig. 1. Allocation problem definition for a hybrid power plant.

plant consumes a quantity ngb of renewable primary' energy and

Plgyb of fossil primary energy, and delivers a total of Wiy, of electrical
energy. Notice that we use the symbol P for primary energy associated
with each input of a power plant and the symbol E for the corre-
sponding energy. The subscript and superscript ‘hyb’ refers to the
hybrid facility, the subscript ‘R’ stands for ‘renewable source’, ‘F’ for
‘fossil resource’.

Since the incentive policies usually provide subsidies to the
electricity produced by renewable sources only, a fair criterion is
necessary to identify the renewable share of the produced elec-
tricity, i.e., we need to determine how to split the total electrical

energy Whyp into two parts: WIR1yh and W?yb representing the
renewable and fossil shares, respectively. For this purpose we
define the electricity allocation fractions §’s representing the two
unknowns of the resource allocation problem

h hyb
g _ W g g _ W (1)
w Whyb w Whyb
where of course
BIYP 4B =1 (2)

R F

The subscript ‘W’ here stands for ‘work’. For the purposes of the
present paper, we could dispose of this subscript and simplify
slightly the notation, however we prefer to keep the current no-
tation for future reference and compatibility with notation we shall
use in a forthcoming paper in which we address the allocation
problem for a hybrid two resources (R and F) two products (W and
Q) cogeneration facility, where ‘Q’ stands for ‘heat’. The electricity

allocation fraction ﬂ&‘l’b represents the fraction of the overall elec-
R

tricity production in the hybrid plant that is to be considered as

obtained from the renewable resource used by the hybrid facility.

Next, we define the primary energy factors® of the resources

used by the hybrid facility, which account for the primary energy

! In the case of solar energy, as further discussed in our case study in Section 4,
ngb can be taken to be the primary energy associated with the incident radiation,
but it could also be for example the primary fossil energy that some reference
heating facility would consume to provide the same heat that the mirrors deliver to
the plant, at the same temperature conditions. Of course, for consistency, one
should adopt the corresponding choice also for the primary energy Py" used by non-
hybrid solar power plants that use the same mirror technology.

2 The “primary energy factor” of a given product is the amount of primary energy
consumed to produce a unit of that product, taking into account all processes in its
life cycle. In the case of a power plant, it equals the inverse of the conversion ef-
ficiency calculated on the basis of the overall primary energy consumption, i.e., not
just the direct consumption in the facility itself but also in all the processes in its life
cycle (for example, for natural gas Ref. [19]. suggests considering the actual con-
sumption incremented by 10% to account for the energy consumed during
extraction, purification and transportation of the fuel).

consumed in making a unit of that kind of energy available at the
plant:

Phyb Phyb

hyb hyb

fRy = Eyb and ny = lt:lyb 3
ER EF

where Egyb is the energy (based on lower heating value) of the

fossil fuel and Egyb is the renewable energy input to the hybrid
facility.> Moreover, we define the ‘partial primary energy factors’

f}l‘zyb and thyb, which account for the portions of the overall elec-
w w
tricity produced that we allocate to either the renewable or the

fossil resource

Phyb Phyb

hyb hyb

fRy — Rhyb and ny — Fhyb (4)
w WR w WF

The system of seven Eqs. (1)—(4) can be solved for the eight

hyb ohyb phyb phyb chyb chyb hyb hyb -
unknownsﬁ\év ,5\FN , Pp””, Pg ,f\l}v ,f\FN , Wg””, and W¢*” in terms

hyb ¢hyb

of given values for Wiy, Egyb, E}F‘yb, RSz provided we supply an

additional reasonable relation between f}];yb and f 2yb. Such relation
w w
furnishes the closure of the problem and characterizes the alloca-
tion method.
To be more explicit, it is convenient to recast the above equa-
tions in terms of the following new variables

hyb thb
Xrés = “hyb (5)
Rk
hyb
PF
Ohyb = —por (6)
y ngb
Whyb
Mhyb = —Tvb— b (7)
o phvb .y phvb
hyb
T
W = T (8)
Xw = hyb
fy
w

3 For solar energy, if we take the energy of the incident radiation intercepted by
the mirrors as the primary energy, like we do in Section 4 for our case study, then
we have Egyb = Pl,{yb; if we take the energy of the incident radiation intercepted by
the field where the mirrors are placed, then Egyb/P‘]gyb is the solar field efficiency; if
we take the primary fossil energy that some reference heating facility would
consume to provide the same heat that the mirrors deliver to the plant, then
EDYP/pRY® is yet another efficiency.
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It is noteworthy that the parameter 7y is the overall energy
conversion efficiency of the hybrid plant. It is important to note that
in this paper we consider only allocation approaches whereby a
given hybrid plant is not characterized in terms of details of its
integration technology, but only by its overall efficiency nnyp, the
ratio opyp of the primary resources it uses, and the ratio xlr’eysb of their
respective primary energy factors. As a result, the average primary
energy factor of the mix of resources used by the hybrid plant can
be written as follows
PIVP y phvb

hyb chyb
fhwbghyb  phybphyb _ <0h b+1> 0

(9)

A few substitutions and rearrangements allow us to write the
relations between the allocation fractions and the partial primary
energy factors in terms of the other parameters of the hybrid fa-
cility as follows

Joyp = =
hyb hyb hyb hyb
Ez”" + Ex Ex”" + Eg

thb Ohyb
B = —Wpp and GRP = 20 (10)
R Ohyb + Xw F Ohyb + Xw

hyb hyb
(Uhyb + XV\S/, )fhyb <‘7hyb + X\,\)/, )f hyb

fivb — and fiv —

W (Uhyb + 1>Xve// Mhyb w (Uhyb + 1>17hyb

(11)

hyb
PR nywghyy S (12)
Whyp woR (Uhyb + 1)7Ihyb

hyb
i B hyb/hyb (13)
Whyb wor (Uhyb + 1)7Ihyb

These expressions show that the allocation 1problem is fully
closed once a criterion to determine the value of xy" is given. Such
criterion characterizes the allocation method.

Finally we define and compute as follows the ‘partial energy-
conversion efficiencies’ of the hybrid plant. The efficiency of con-
version of fossil-fuel energy to electricity is

5hbe
o _ T R G L (14)
h b, chyb — fhyb hyb
w o PR ny (Uhyb + Xny )fhyb

The efficiency of conversion of renewable resource energy to
electricity is

BV Wiy
W \ hvb hyb
hyb _ R fRy _ (Jhyb * 1) f "hyb (15)
hyb , chyb chyb
\SV Py v /f v fRy (‘Thyb +Xw )fhyb
w

If the method adopted for allocation is “fair”, then the above ef-
ficiencies represent an impartial apportionment of the benefits of
hybridization among the different resources, thus allowing fair terms
of comparison between the efficiencies of the hybrid facility and
either the respective single-resource facilities in a local area, that we

shall denote by 7%y and 73, (where the superscript ‘sr’ stands for
single resource), or some ‘reference’ partial energy-conversion effi-

ciencies chosen by some local authorlty, that we shall denote by nTEf

hyb dare 1mp0rtant parameters

and nref The efficiencies nF b and Ny
w W

with which energy management regulators can devise fair incentive

and taxation policies. In Section 5, we return on this topic while

defining other related performance indicators.

In the remainder of this section we first briefly review the
most commonly used allocation method considered so far for
hybrid plants, including the exergy-based method ExRR. We then
introduce the fixed-reference method SRSPR that extends to
hybrid plants the same logic of fixed-reference and reversible-
reference allocation, respectively, that characterizes the ‘clas-
sical’ methods of allocation most commonly considered for
cogeneration plants (see Ref. [1]). For each of these methods, we
show how it applies to the present allocation problem and we
provide a brief critique which motivates the STALPR method we
propose in Section 3.

2.1. Fossil-centered-solar-share (FCSS) allocation method

hyb

According to this allocation method, f is fixed to a reference

W

value f’ rFef (normally assigned by some local authority for each type
w

of fuel) representative of the inverse of the efficiency with which
the same primary fossil-fuel resource is used for power production
in a reference technology, for instance the best available technology
or a representative average of non-hybrid (i.e., single-resource)
technology. In other words, this allocation method assumes the
closure relation

fhyb fref (16)
W

From the solution of Egs. (1)—(4) we obtain

hyb
ﬁhyb PR Thybfhyb

refW ref (1 7)
F f hyb (Uhyb + 1) nhyhf];
w

meaning that the production of electrical energy allocated to the
fossil fuel is the amount that would be produced with the reference
technology by consuming the same amount of fuel primary energy
PIF“’b consumed by the hybrid facility. The remaining portion of
electricity is the “solar share”

f chyb
gvo — Wab — DwEET _ y ghwb (18)
w W w
R hyb F

attributed to the renewable resource. This solar share coincides
with that suggested for example in Ref. [15] and yields, according to
Eq. (15), an expression of the (partial) efficiency of conversion of
renewable resource energy to electricity

hyb
hyb  Whyb — TRVER (19)
R Ehyb

W R

that coincides with the “incremental solar efficiency” defined in
Ref. [8].
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From Eqgs. (1)—(4) we also obtain the following expressions for

xl\}\}’b and fl;yb which are implied by the closure condition (16)
w

(f’hyb + 1>7Ihyhf{;6f
w

hyb
wo = T — Ohyb (20)
ref
g
hyb
g — W @)
w Xw

2.2. Exergy-based Reversible-Reference (ExRR) allocation method

To our knowledge an exergy allocation method has not yet been
proposed in the context of source hybridization. It is, however, a
straightforward extension of the conjugate allocation method that
has been extensively discussed for cogeneration (see Ref. [1]). Its
closure condition is

Ex
g
hyb :
R
w
where
hyb hyb hyb hyb
fEx_PF _ PF andeX—PR _ PR (23)
F Ethb - Whyb R Exhyb - Whyb
w F F,ideal \u R R.ideal

are the primary-energy-to-exergy ratios* of the fossil and the
renewable primary resources used in the hybrid facility,

Ex{:lyb = WQ}’é’eal represents the electricity that would be produced
by any ideal reversible process that consumes the same amount of

. hyb hyb .
fuel as the hybrid plant, and Exp"” = WY, the electricity that

would be produced by any ideal reversible process that consumes
the same amount of renewable resource as the hybrid plant.
By solving the system of Egs. (1)—(4) and (22) we obtain

hyb hyb
Py pgY
Ex Ex
fx fi
hyb W hyb U
b = phvD phyb and 6" = phvb  phyb (24)
R R F
fEx + fEx fEx + fEx
R F R F
W W " A\

or equivalently

hyb hyb
Exg EXp

hyb hyb

Y =—"7R ——and §7° = ——F (25)
W hyb hyb W hyb hyb
R Exp”” + EX F Exp’” + Ex

Thus, the allocation fractions are based on the relative pro-
portions of the exergies of the resources consumed by the hybrid
plant, i.e., on the relative proportions of the electricity that would

4 The primary-energy-to-exergy ratio of a given resource is defined as the ratio of
the primary energy associated with a unit of that resource to the exergy per unit
resource.

be produced from the two resources in a hypothetical reference
scenario in which every machinery operates reversibly.

The relations between the allocation fractions, the partial pri-
mary energy factors, and the other parameters of the hybrid facility,
can be written according to Eqgs. (9) and (10) as follows

Ex Vi
}\;\ll,b = XW Ex and 63313 = R Ex (26)
R Thyb + Xw F Ohyb + XwW

(0 hyb + X\E,\’/‘>fhyb

d (Uhyb + 1)’7hyb

(27)

Ex
hyb _ (Uhyb + Xw)fhyb and fhyb _
R F
w (Uhyb + 1>X\E/\’/‘77hyb w

We note that other allocation methods have been considered in
the literature. For example, one based on the simple proportion of
energy input [16], assigns the solar share as

hyb
. e 28)
\W% hyb hyb
R Eg”" + Eg

Although conceptually criticizable because it considers fossil and
renewable energy with the same ‘weight’, it is noteworthy that for
the case at hand, namely, for hybrid power-only production from
hydrocarbon fuels and solar radiation, Eq. (28) gives almost the
same results as the exergy method, Eq. (25). This is because for most

hydrocarbons Exl;‘yb :El;yb to within +5% (see, e.g., Ref. [20]), and for

solar radiation Exgybz0.93Egyb (see, e.g., Refs. [21,22], and refer-
ences therein for discussions about the exergy of solar radiation).

2.3. Single-Resource-Separate-Production-Reference (SRSPR)
allocation method

To our knowledge, the allocation method we propose in this
section has not yet been suggested in the context of source hy-
bridization. However, it too is a straightforward extension of the
conjugate SPR allocation method that has been extensively adopted
by regulators in the context of cogeneration (see Ref. [1]). This
method assumes the following closure condition

ref

" g

Xw = X with X = et (29)
R
w

where f‘;f and fEEf are reference partial primary energy factors
w w
chosen by some authority as representative of the performance of
the (best available or representative average, usually but not
necessarily single-resource) power production technologies that
use, respectively, the same renewable resource and the same fossil
fuel as the hybrid facility.
Combining Egs. (1)—(4) and (29) we obtain

hyb hyb
PRy PF
f;ef fll;ef
hyb W hyb w
b = phvb  phyb and 0" = phvb  phyb (30)
R R + F F R 4 F
fref fref fref fref
R F R F
w W w w

Notably the ratios Plg‘yb /frlsf and P;‘yb /f rFef represent respectively the
w w
amounts of electricity that would be produced in reference single-



G.P. Beretta et al. / Energy 60 (2013) 344—360 349

resource (renewable-only and fossil-fuel only) power plants
consuming the same amount of fossil and renewable primary en-
ergy as the hybrid facility. In other words, the allocation fractions

63\5/’b and ﬂ}\}?/'b are based on the relative proportions of the electricity
R F
that would be produced with the same primary energy consump-
tions in non-hybrid facilities operating with the reference partial
primary energy factors f ;‘{ef and f’ ;ef, respectively.
w w

The relations between the allocation fractions, the partial pri-
mary energy factors, and other parameters of the hybrid facility,
according to Egs. (9) and (10) are as follows

ref
a
l\]/\)/lb - o ref and ﬁt\%b - e ref G
R Thyb + Xw F Ohyb + Xw

(U hyb + X\r/?/f)fhyb (0 hyb + X\r/‘f/f)fhyb

hyb _ d fivb _ 32
fr . ret and f_ . ] (32)
w hyb + 1) Xw Thyb w hyb T 1) Mhyb

2.4. Critique of the FCSS, ExRR, and SRSPR allocation methods

The problem with the FCSS method is that while the definition
of the annual energy balance of the hybrid plant requires the three

quantities Whyb, Ppyb, ngb, only the first two are used in the allo-
cation, as apparent from Eq. (17). This leads to the inconsistency

that two fossil-solar hybrid plants with the same value of P;‘yb and
Whyb, would result in the same fraction of solar electricity,
regardless of the size (land occupation and mirror area) of the solar
field. Moreover, the benefit of hybridization, i.e., the incremental
electricity production with respect to a reference non-hybrid fa-
cility that uses the same amount of fossil fuel, is assigned by the
FCSS method entirely to the renewable source, thus overestimating
the partial solar-to-electricity conversion efficiency which in turn
may distort the local energy market.

To better explain this problem, we consider a hybrid plant with

the following yearly energy balance: Pll:lyb 1878 GWh,
ngb = 425 GWh, and Wiy}, = 867 GWh, and let us assumefFhyb =11

(natural gas) and ffFef = 2.895 (or equivalently n<f, = 0.38) so that
w

EMVP — 1878/11 =1707,and f¥* — 1 so that Ef¥® = 425. That these
figures are representative of a realistic hybrid facility will become

apparent in Section 4. Eq. (18) yields ﬁl\}/’b =1 - 0.38 x 1707/
R
867 = 0.252 and through Eq. (19) or equivalently Eq. (15)

nl;yb = (867—0.38 x 1707)/425 = 0.513, which is a clearly unreal-
w

istically high figure, while through Eq. (14) we obtain nﬁ,{, = 0.38,

confirming that the method grants no fraction of the benefits from

hybridization to the fossil resource.

Both the ExRR and the SRSPR methods overcome this problem,
by taking into account the contributions of both primary resources
in the computation of the allocation problem.

The EXRR method bases the allocation on the primary energy
factors of the renewable and fossil sources that would characterize
a hypothetical reference scenario of thermodynamically reversible
production of electricity.

Let us illustrate again this idea for the case of the hybrid plant
just considered. By computing the fossil and renewable exergies,

respectively, as ExlFlyb = Pl}:‘yb = 1878 GWh and
Ex? — 0.93PRY" — 395 GWh, through Eq. (25) we obtain
ﬂ‘\xb =395/(395 + 1878) = 0.174 and ﬁ‘\}gb = 0.826. The resulting

R F

efficiencies are, therefore, through Eq. (15) n;yb = 0.174 x 867/
w

425 = 0355 and through Eq. (14) n‘;yb = 0.826 x 867/

w
1707 = 0.42, confirming the unrealistically high value for the
renewable source. The reason for the overestimate of the solar
efficiency is that current technologies of power production from
fossil fuels are much closer to ideal (i.e., to 100% second-law
efficiency) than those from renewables. So, though based on
sound thermodynamic concepts, the EXRR method, if adopted as
a basis of regulations, would grant an unfairly high advantage to
the renewable resource, at least as long as renewable technolo-
gies maintain a level of second-law efficiency lower than fossil-
fuel technologies.

The SRSPR method partly resolves this problem by providing
more realistic figures whenever the adopted reference primary
energy factors reflect the state of the art technology of the fuel to
electricity conversion as well as of solar to electricity technology. In
fact, if in the previous example we assume f;ef = 6.54 and

w
f‘;f = 2.895 (equivalent to nigl, = 0.153 and 7, = 0.38) we
w

obtain, by substituting into Eq. (30), p"xb — 425/6.54/(425/
R

6.54 + 1878/2.895) = 0.091 and 6{}3" = 0.909 which in turn,
F

through Eq. (15) yields nl;yb =0.091 x 867/425 = 0.186 and through
w

Eq.(14) nl;yb =0.909 x 867/1707 = 0.462. These are obviously much
w

more realistic figures and show that the SRSPR method provides a

better share-out of the benefits of hybridization between the two

sources.

Nevertheless, we wish to emphasize that also the SRSPR
method has fundamental drawbacks. The first is that it is based
on assigned reference efficiencies that may differ from the actual
values which characterize the energy conversion portfolio of the
local area where the hybrid facility is to be installed. The second
is that the reference values, being fixed by some authority, are
not dynamically influenced by the installation of new hybrid
facilities, and therefore the SRSPR method neglects the effects
associated with the modification of the local energy portfolio.
This fact may result in distortions of the local energy market,
unless the authority continuously updates the reference effi-
ciencies by taking into account the progressive penetration of
hybridization. In the latter case, the fundamental drawbacks of
the SPSPR method are overcome and the method effectively
becomes equivalent to the STALPR method we propose in the
next section.

3. STALPR allocation method for a hybrid fossil-and-solar
power plant

Similar to what we observed in our previous paper [1] on
cogeneration, a limitation of the classical allocation criteria is that
they are based on some prescribed reference efficiencies for each
resource to product conversion occurring in the hybrid facility
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assigned by some authority and in general differ from the actual
average ratios that characterize the local energy portfolio. To
overcome this problem for the case of cogeneration, we proposed a
self-consistent method whereby the allocation is adaptive and
self-tuned to the local energy production portfolio. We call it the
Self-Tuned  Average-Local-Productions Reference  (STALPR)
method. In this section, we extend the method to the case of a
fossil/renewable hybrid power plant operating in a local area
where all the other electricity power facilities are single-resource,
n using fossil fuels, and m using renewable resources. Localizing
the allocations is particularly important in this case since the
performance of renewable energy facilities depends strongly on
the local conditions.

We assume for simplicity that both the set of n fossil plants and
the set of m renewable plants are conceptually lumped together
into single overall units producing respectively the overall amounts

of electrical energy W' = S0 ;W5 and Wg = ™ W™, and
characterized by the average renewable and fossil primary energy
factor

n ST, iy /ST.i
Zi: 1 fR WR

fsr — w
R n sT,i
W >i-1 Wy

m ST,iyp /ST, i
Zi =1 f]: WF
W

—=Sr
and ff = ————
m SI,1
w i1 Wk

A sketch of the local-area powerplant scenario is shown in Fig. 2.
The rationale of the proposed method is that the allocation
parameters should not be based on static reference values, but
should be self-determined by the method itself as characteristic
average features of the actual energy production scenario and mix
of resources used in the local area of interest, including the hybrid
facility. Therefore, to characterize the local-area scenario we define
f 1};” and f’ ‘FOC as the average primary energy factors for the fossil fuel
w w
and renewable resource conversion to electricity in the local area.
With reference to Fig. 2 they are calculated as

s hyby,/hyb I hyby, /hyb
fR Wl%r +fRy WRy fF ngr +ny WFy
w w

floc _ and floc —
R hyb F hyb
w WR' + Wy w WE' + We
(33)
Local area of interest
By =, Wi Wy
w Renewable R
- )
only
By =f, Wy wy
w Fossil F
> —)
only

hyb __ ¢ hybyxrhyb
P = fW

V e Renewable
+

Fossil

hyb — Bhybwhyb
w

Yo T

\4 hyb __ phybyx7hyb
Wie = ghvbyy
R

hyb __ ¢hyb hyb
PR - f]{ WR
W

Fig. 2. Schematic representation of a local area of interest with a single hybrid plant.

or equivalently, substituting the definition of the §’s given in
Eq. (1)

st hyb ohyb =St hyb ghyb
fr W' +f, Ry ﬁv\s,/ Whyb fr WE+f Fy ﬁvg Whyb
F

fioc = Vt\iyb - and fll-‘oC = Vt\:yb
w W}'S{r"'ﬁ w Whyb W W}§r+ﬁ W Whyb
R F
(34)

Therefore, these factors are assigned according to the existing
plants in the local area.” Then, following the same logic adopted for
the classical SRSPR method, we close the allocation problem by
adopting the following rule

loc
g
X = X with s = e (35)
R
w
so that combining Egs. (1)—(4) and (35) we obtain
ngb Plt:IYb
floc floc
R F
gho =W and g0 - W (36)
w hyb hyb w hyb hyb
R Py Pg F Py Pg
loc 1 1 1
fR fFOC fROC fFOC
w w w w

meaning that the allocation fractions §’s are based on the relative
proportions of the electrical energies that would be produced in
single-resource facilities consuming the same primary resources as
the hybrid facility but operating according to the average local-area
primary energy factors f‘;c and f'gc of the respective resources.
w w
The system of ten Egs. (1)—(4), (34), (35) and (36) can be solved

hyb phyb phyb phyb chyb chyb hyb hyb
for the ten unknowns ‘Bw , ﬁw , PRV, PR ,fR ,fF  WRPP, WP,
R F wow

fllgc and le"C in terms of given values for Whyp, Egyb, E;‘yb, fé‘yb, thb,
w w
f-‘l'{ f-;f , W, WE'. In general it can be solved numerically. The
wow
problem can further be reduced to the solution of a single second-
order equation, therefore yielding an analytical solution. The
derivation of the second-order equation is given in Appendix A.
Also, the analysis of how the value of x{,‘\’f defined in Eq. (35) de-
pends on the various parameters of the problem can be readily
conducted using the same methodology we used in the analysis of
the corresponding Eq. (30) of Ref. [1]. Details are given
in Appendix B.
As a result of such analysis, four typical cases may be identified
according to the whether opyp is smaller or greater than oo and
whether the Incremental Electricity Index (IEI) defined as follows

5 It can be shown that if in the local area there are no ‘purely’ (i.e., single-
resource) renewable plants, then the method reduces to the FCSS method. The
method is instead undetermined if the local area contains neither purely renewable
plants nor purely fossil plants, because then it contains only the hybrid plant and
there are no local terms of comparison. The SRSPR method can be viewed as
addressing such case, since the allocation is based on reference terms of compar-
isons that are independent of the actual local energy portfolio.
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hyb |, ¢hyb
- Wb (o> + i Ve g
hyb = “hyb  phyb ~ © T hyb shyb
Y PRy (‘Thyhf an>ny f v
N ST
T
(37)

is greater or smaller than zero. Clearly, 1 + IElyy, represents the
ratio of the electrical energy produced by the hybrid facility and the
electrical energy that the single-resource facilities in the local area
would produce with the same resources. It is noteworthy that:

- the case IElyp > O implies that the overall primary energy is
converted with a higher efficiency in the hybrid plant than in
the single-resource facilities;

- the case onyp < 010 represents a hybrid plant with a higher share
of renewable energy than the average share in the local area.

4. Case study

In order to examine the features of the STLAPR approach, in this
section we provide an example of its application to the renewable-
to-fossil allocation of the electricity produced in hybrid single-
product facilities, and we study the difference between the SRSPR
and the STLAPR allocation methods as a function of:

(i) the degree of penetration of hybrid facilities in the given local

area;

(ii) the reference efficiency of non-hybrid power production from
fossil fuels;

(iii) the reference efficiency of non-hybrid power production from
solar radiation;

(iv) the degree of penetration of non-hybrid power production
from solar radiation in the local area;

For this purpose, we consider the local area shown in Fig. 2 and
we assume that the annual demand of electrical energy is initially
supplied according to the following shares:

- 90% by fossil-only (i.e., natural gas single-resource) power

plants operating with fSF" = f§'/m}w, assuming an overall
w

(yearly) average efficiency 7, = 0.38 and a primary energy

factor f§' = 1.1 (natural gas); for the purposes of the SRSPR

method, we shall assume nﬁ,\f, = MW
- 10% by renewable-only (i.e., single-resource, non-hybrid solar)
power plants operating with f;r = fR"/ngw» assuming an
w
overall (yearly) average efficiency 73, = 0.153 and a primary
energy factor f' = 1; for the purposes of the SRSPR method,

ref _
we shall assume gy = MR-

Next, we assume that the fossil-only facilities in the local area
are progressively replaced by renewable-fossil hybrid plants, until
all the single-resource fossil electricity W§" is eventually replaced
by Whyb, while the single-resource solar electricity WR" remains
fixed to its initial value.

For simplicity in this case study, all renewable-fossil hybrid
plants are assumed to be identical and all based on the technology
of the Solar-Integrated Combined-Cycle System (SICCS) with
parabolic trough solar field, as described in Ref. [12]. In this solu-
tion, the integration is achieved by boiling a fraction of the feed-
water in the solar boiler and feeding saturated high-pressure

steam to the main steam circuit of the combined cycle at the inlet
of the superheater in the HRSG. It is therefore assumed that it is
always possible to add a solar field in the area nearby the existing
fossil-only facilities so as to convert them into SICCS.

To compute the energy allocation according to the STALPR
method it is necessary to determine the global yearly energy bal-
ance on the hybrid power plant and to evaluate the parameters
P?yb /Whyp and ngb /Whyb Which characterize the hybrid facility.
These are obtained as follows from the data reported in Ref. [12].

m The annual electricity generation Why, is 867 GWh.

[ Ply is not given explicitly, but can be obtained from the value
of the annual CO, emissions, recalling that (in the hypothesis
that the fossil fuel is all CHy), the combustion of 1 kg of CHy
yields 2.75 kg of CO5. Given that in this example 363,000 ton of
CO, are emitted by the SICCS, we can readily obtain a corre-
sponding fuel consumption of 122,900 ton of CH,4. Considering

LHVcy4 = 50 MJ/kg and assuming fhyb = 1.1 we find a primary

fossil energy consumption Phyb = 1878 GWh.

[ Phyb can be obtained from the design thermal capacity of the
solar field which in this case is 90 MW. Assuming a parabolic
trough solar field efficiency® of 66% and a design Direct Normal
Insolation (DNI) of 800 W/m? [17], the resulting solar collectors
area is 169,900 m?, while the total solar field required land
area’ is 414,000 m? Assuming an annual insolation of
2500 kWh/year, characteristic of locations with favorable
insolation conditions [18], the resulting solar energy falling
onto the field is 1035 GWh, but that intercepted by the mirrors
is 425 GWh. As typically done when computing efficiencies of
solar power plants, we consider the latter to be the primary
energy consumption and, therefore we set Phyb = 425 and the
primary energy factor f b _ 18 Since both the SRSPR and the
STLAPR allocation models take as input data the overall annual
balances on the hybrid plant, ngb represents the annual
reference insolation value that takes into account the hourly
variable weather conditions of the site considered.

Table 1 summarizes the above assumptions and the other pa-
rameters of the case study. Notice that Eq. (37) yields IEI = 0.2146.
Table 2 compares the FCSS, SRSPR, and EXRR methods, by providing
the corresponding allocation fractions, efficiencies, and primary
energy factors for the case study. Figs. 3 and 4 compare the SRSPR
and STALPR methods by showing the allocation fractions and the
efficiencies as functions of the “penetration of hybrid facilities in
the local area” characterized by the following parameter:

Whyb

X= "
WEF + Whyb

(38)

which for the local area represents the fraction of the electricity not
produced in single-resource solar facilities that is produced in

6 The efficiency of the solar field is defined as the ratio of the thermal power
provided by the solar field to the CC to the insolation on the solar collectors area at
design conditions. It is the product of optical, thermal, and piping efficiencies,
assumed respectively equal to 74.4%, 90.0%, and 98.9% [17].

7 The total solar field area includes a minimum distance between each row of
parabolic trough collectors (usually in the range of 15 m) to limit shading [17].

8 Alternatively, we could assume ngb = 1035 GWh and a primary energy factor
f]?yb = 1035/425, i.e., equal to the ratio of the overall solar field area to the overall
mirror area. However, in such case we should also set, for consistency,
fR" = 1035/425, because also the single-resource, non-hybrid solar power plants
are assumed to use the same mirror technology as the hybrid plant. As a result, this
alternate choice would not alter any of the results shown in Figs. 3—6 (neither for
the SRSPR nor for the STALPR method).
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Table 1

Summary of assumptions made and values of some important parameters for the hybrid solar-and-fossil power plant case study (in parenthesis the case with nst = 0.50).

w

Parameters of the local area
Fraction of the renewable-only electricity in the local area, ﬁ,&kw
Primary energy factor of solar energy,

Average efficiency of the renewable-only facilities, A
w

f}ir’RW

Primary energy factor of natural gas (assumed the only fuel used in the local area for fossil-only facilities), f;

Average efficiency of the fossil-only facilities, nSFf
w

Ratio of primary energy factors of electricity produced in solar-only and fossil-only facilities, Eq. (43), x3y

Parameters of the hybrid facilities
Primary energy factor of solar energy, fl{‘yb

Primary energy factor of natural gas (assumed the only fuel used in the local area for hybrid facilities), f;

Renewable primary energy to electricity ratio, Plﬁyb /Whyb
Fossil primary energy to electricity ratio, P;‘yb /Whyb

: : : hyb , phyb
Fossil to renewable primary energy ratio, oy, = P> /Pg”

Ratio of primary energy factors of solar energy and fossil fuel, Eq. (5), X?gsb

Average primary energy factor of the resources, Eq. (9), fayb
Incremental Electricity Index, Eq. (37), IEI

0.1
1.0
0.153

sr,FW 11
0.38 (0.50)

0.4429 (0.3366)

1.0
hyb 1.1

425/867
1878/867
1878/425
1.1

1.08
0.2146 (~0.0562)

hybrid SICCS plants (for our case study it will range from 0 to 1). To
compute the plots shown in Figs. 3 and 4, we define the following
shorthand variables:

y =B (39)
R

which is the allocation fraction assigned by the STALPR method to
the fraction of the power production in hybrid facility that we
should consider as obtained from the renewable resource;

g ="Tw (40)

which is the fraction of the overall electricity produced in the local
area that comes form the renewable-only facilities (for our case
study g = 0.1);

hyb
f3F Whyp — P
ho W _ Thybfhyb a1
- fsr W, - St ( )
F ' hyb (Uhyb + 1>f T Thyb
w w

Table 2
Summary of FCSS, SRSPR, and ExRR allocation results for the hybrid solar-fossil case
study defined in Section 4 (parameters summarized in Table 1).

st = 038, nish, = 0.153 ¥, = 0.50, 9, = 0.153  Exg/Er = 0.93
FCSS SRSPR FCSS SRSPR ExRR
V' . . . . .
ghvo 07483 0.9089 0.9846 0.9292 0.8261
¥
hyb  0.2517 0.0911 0.0154 0.0708 0.1739
8
¥
v 038 0.4616 0.50 0.4719 0.4195
W
v 05135 0.1858 0.0314 0.1444 0.3547
&
Fivb 2895 5381 22 2.331 2.819
i
Fivb 1947 2.383 31.8 6.925 2,622
&
XP 1.486 0.4429 0.0692 0.3366 0.930

which represents the index of fossil fuel savings obtained by the
hybrid facility with respect to the fossil-only power plants in the
area (in Section 5 this will be renamed as PFESpyp); and,

hyb
PR
ST
f R Sr
_ w _ Xw
Pﬁyb P?yb Thyb + Xy

ST Sr
fR fF
w w

(42)

which represents the allocation fraction according to the SRSPR
method based on reference values equal to the primary energy
factors of the renewable-only and the fossil-only power plants in
the area, i.e., as given from Eq. (30) with f;Ef = f3 and f;ef =f¥

w w w w
or equivalently Eq. (31) with x{,f,f = x{v where

ST

¢

Xw = o (43)
R
w

In terms of the above parameters, it is easy to verify that the

equations of the preceding section result in the following second-
order equation in y

(k —g)xy2 +[g —hkx(1 — (1 —g)x)]ly —gk(1 —hx) =0 (44)

which can be readily solved for the only positive root.

Figs. 3—5 show the results of the analysis for the case study
defined by the parameters listed in Table 1. The sensitivity analysis
shown in the figures is centered on the case study values of
MRw = 0.153, nixy = 0.38, and g, = 0.1. It allows identifying
how changes in the local area scenario affect the electricity allo-
cation in the hybrid plant.

Results of the analysis are evaluated in terms of the renewable

and fossil partial conversion efficiencies n};yb and nl:{yb and the
w w

allocation fractions ﬂk\zb and ﬁl\}\‘/’b as function of the penetration of
F R
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Fig. 3. Renewable-to-electricity and fossil-to-electricity efficiencies, n}xb and nl&b,
R

upper and lower graph respectively (left axes), and the corresponding renewable and

fossil allocation fractions 6’3’/" and 6':/3{/" (right axes) of the hybrid facility, plotted as
R F

functions of the hybrid penetration parameter Wy, /(W§" + Wyyy,) for various values of

M- The other parameters that define the hybrid plant and the local area are listed in

Table 1.

hyb

w
F

hybrid facilities in the local area x. It is noteworthy that 6.7° and

hyb hyb hyb
6W are related to g and e

R W w

by Egs. (14) and (15), respectively,

hyb phyb ¢hyb chyb :
where the parameters Wiy, Pe”", PR”". fz> . fg° are constant in our

case study. Thus the values of ﬁ}\z’b and ngyb

F w
the same curve by adopting the correct scale ratio. The same holds
hyb h
Vz and 7 Ryb.
R w

The curves in Fig. 3 converge into a single point located at x < 1.
This indicates that for such particular value of x the allocation is
independent of n,,. The existence of this point can be confirmed by
solving for the positive root y admitted by Eq. (44) and calculating
the value(s) of x for which the condition dy/an, = 0 is satisfied.
This is a rather demanding task that is not carried out in view of the
scarce impact on the general implications of the allocation model.
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Fig. 4. Renewable-to-electricity and fossil-to-electricity efficiencies, nl\?/'b and nr&/’b,

R F

upper and lower graph respectively (left axes), and the corresponding renewable and

fossil allocation fractions 6}\:\3/'1’ and ﬁ}:}\']b (right axes) of the hybrid facility, plotted as
R F

functions of the hybrid penetration parameter Wiy, /(Wg" + Wyyy,) for various values of

Nxw- The other parameters that define the hybrid plant and the local area are listed in

Table 1.

The same considerations are also valid for Figs. 4 and 5. In particular,
for the values of the parameters of our case study, also the curves in
Fig. 5 converge into a single point located at an x < 1 where the
condition dy/dvy, = O is satisfied indicating that for such partic-
ular value of x the allocation is independent of v§,y. It is clear from
Fig. 4 that the condition dy/dng),, = 0 does not occur for an x < 1.

Clearly the limit values x = 0 and x = 1 represent, respectively,
the condition of no hybrid plant in the local area and the case of
complete conversion of all fossil-only electricity into solar-
integrated hybrid. At x = 0 the STALPR method and the SRSPR
method coincide provided that, for the latter, we assume as refer-
ence values the primary energy factors of the renewable-only and
the fossil-only power plants in the local area, i.e., x{,?,f = Xy

The curves plotted in Fig. 3 refer to the sensitivity analysis on the
parameter 7y, varied within the range 0.30—0.65. It can be
hyb hyb .
V\‘/’ and nRy is
R w

observed that the slope of the curves that represent

negative whenever, atx = 0, n;yb > Ny, Meaning a decrease in the
w
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Fig. 5. Renewable-to-electricity and fossil-to-electricity efficiencies, 7713,‘) and nr\%b,
R F
upper and lower graph respectively (left axes), and the corresponding renewable and
fossil allocation fractions ﬂk\%b and 5%" (right axes) of the hybrid facility, plotted as
R F

functions of the hybrid penetration parameter Wy, /(Wg" + Wyyy,) for various values of
Yiw- The other parameters that define the hybrid plant and the local area are listed in
Table 1.

share of renewable electricity as the penetration of hybrid facilities

increases in the local area, while the slope of 65&’ and n}F‘yb

F w

is

positive when nl;yb > N at x = 0. In both the upper and lower
w

graphs in Fig. 3 the curves become flat when nkF‘yb approaches the
w
value 04697 which correspond to the condition

nl;yb = npw = 0.153: in this case the SRSPR and STALPR allocation
w
always coincide regardless of the value of x. The differences be-

tween the SRSPR and STALPR allocations become significant as nkF‘yb
w
departs from this value and in general increase as the hybrid fa-
cilities take on a sizable fraction of the production of electricity in
the local area.
Similar considerations apply to Fig. 4 which shows the sensi-
tivity analysis carried out by varying the parameter 7y},,, within the

range 0.05—0.35. It can be noted that at x = 0 we always have the
conditions nll;yb > 13y (upper graph) and n}F‘yb
w w
We obtain in this case that the slope of ﬂl\zb and ngyb
R w

> Ny (lower graph).

is negative

hyb hyb
and .
W n F

F w

The effect of the variation of v§,, on the allocation fraction and
efficiencies is shown in Fig. 5. The slope of the curves at x = 0
changes sign when 7§, exceeds about 0.05. The effect of x on the
allocation fractions and partial efficiencies are significant for values
of y§w below 0.01. For instance for v§,, = 0.005 we see from the
hyb

Y
R

at x = 0.25 and then decreases to 0.04 at x = 1.

The results reported in Figs. 3—5, although representative of a
fairly wide range of local area conditions, are specific to the
characteristics of the hybrid plant chosen as our case study (i.e.,
characterized by the given yearly energy balance). Clearly, by
selecting a different hybrid technology with different ratio of
fossil-to-renewable primary energy and efficiency, as well as by
changing the conditions of its progressive penetration within the
local area, would yield different results in terms of allocation
fraction profiles. Even more complex situations may arise when in
the same local area different hybrid plants adopt different hy-
bridization technologies. Nonetheless, such cases can all be
addressed by applying the general equations of the STLAPR
method that are given in Section 3.

The simplified situation adopted in our case study and the re-
sults just discussed provide general indications on how a fair
allocation method can help to identify a fair incentive policy for
hybrid plants. This important issue is addressed in the next section.

while it is positive for

upper graph of Fig. 5 that §.7° reaches the maximum value of 0.125

5. Rationale for incentive policies related to hybrid plants

One general principle that is usually considered by incentive
policies is to provide access to subsidies based on the renewable
fraction of the electricity generated by the hybrid plant. In this
context, the proposed SRSPR and STALPR allocation methods are
useful in that they define a fair identification of the share of
renewable electricity which qualifies for the subsidies. However,
we believe that such a general principle, which focuses only on
the share of renewable electricity, might in some cases result in
supporting hybrid solutions that are unfavorable for the local
area.

To better explain this concept let us consider again the allo-
cation results of the case study presented in Section 4. By
comparing the top and bottom graphs of Figs. 3—5, it can be noted
that high values of ntl;yb (or ﬁtxb) correspond to low values of nk;yb
w R w

(or ﬁ}\zb) and viceversa, as a consequence of the constraint given in
F
Eq.(2) and of Egs. (14) and (15). Considering for instance the curve
in Fig. 3 (top) with n§i,, = 0.55, at x = 0 we have n:Vb = 0.13 and
w
65\3/"3 = 0.067. Thus, according to the general criterion, the hybrid
R
facility should be qualified for the subsidies in proportion to the

value of 6}\;\3;". Also, since 5}\}/"’ increases with x, the incentive policy
R R

would encourage the penetration of such hybrid facilities in the

local area.
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On the other hand, from the corresponding curve with

Npw = 0.55 in Fig. 3 (bottom) at x = 0 we obtain nl;yb = 0475, a
w

value significantly lower than the reference efficiency of the single

resource facilities of the local area. Thus, an important question

arises as to whether this comparatively lower fossil conversion

efficiency might overwhelm the overall advantages generally ex-

pected from hybridization.

Again, the allocation analysis provides a sound framework to
address incentive policy issues, because it provides values for the
partial primary energy factors f';yb and f;yb. Except for the FCSS

w w
method, the assignments based on ExXRR, SRSPR, and STALPR
methods can all be readily expressed as follows
Py Py Py + Pg

A R f
Y 5 w w
fib T = and Y - (45)
R Whyb ¥ Whyb
R e
W% W

where the ‘X’ superscript in f’; and f’é stands for ‘Ex’, ‘ref, and
‘loc’, respectively. w w

The following parameters characterize from different points of
view a hybrid facility and are all well defined once an allocation
method has been chosen and solved:

fhyb
Phyb \FN "
PFESpyp = 1-—F — =1 =1--¥ (46)
X yb X hyb
f]: We f\FN Mg
w w
hyb R X
Pr w Rw
PRESmp = 1= opme = 1 = 1= o (47)
R 'R \l}v MR
w w
X hyb
wee T T
_ F _ _
IFEIhyb—W*I—fh—ybfl—Mfl (48)
F F
fx w
W
X hyb
T T
RElpy, = —f0 =1 = ———1 = ———1 (49)
fx w
W

where the ‘X’ superscript in f’; and f’é stands for ‘ref, ‘Ex’, ‘ref, or
w w

‘loc’ depending on whether the allocation method used is FCSS,

EXRR, SRSPR, and STALPR, respectively.

PFESpyp (Primary Fossil Energy Savings of the hybrid facility)
expresses the savings of primary fossil energy that the hybrid fa-
cility achieves while producing the same amount of electricity
allocated to the fossil source in a single-resource facility operating
with the reference primary energy factor f’; adopted as basis for

w

the allocation, and hence with the efficiency 7%, = thb /f’lf_ .
w

The same concept is expressed by PRESpy, (Primary Renew-
able Energy Savings of the hybrid facility) which expresses the
savings of renewable primary energy that the hybrid facility at-
tains while producing the same amount of electricity allocated to
the renewable source in a single-resource reference facility
operating with the reference primary energy factor f’l; adopted

w
as basis for the allocation, and hence with the efficiency

hyb
nﬁwz Ry /f)l({
W

IFElhyp (Incremental Fossil Electricity Index of the hybrid facility)
expresses the increment in electricity allocated to the fossil source
with respect to the electricity that can be produced with the same
amount of fossil primary energy used by the hybrid facility in a
single-resource reference facility operating with the reference
primary energy factor f’F‘ adopted as basis for the allocation, and

w

hence with the efficiency 7%, = thb/f’F‘ .
w

IREIpyp (Incremental Renewable Electricity Index of the hybrid
facility) expresses the increment in electricity allocated to the
renewable source with respect to the electricity that can be pro-
duced with the same amount of renewable primary energy used
by the hybrid facility, in single-resource reference facilities oper-
ating with the reference primary energy factor f’l‘{ adopted as

w

for the allocation, and hence with the efficiency

hyb
n)}%W: Ry /f)};
\"

basis

It should be noted from Eqs. (46)—(49) that the signs of PFEShy,

and IFElnyp, and of PRESpy, and IRElyy, are all positive whenever

n}F‘yb > n’; and n:yb > n’l; , respectively. Moreover, they are clearly

w w W w
interrelated as follows

hyb
1 i
1+ IFElyp = +—ppee— PFESyy ~ My (50)
hyb
1 &,

Because of their simple and direct relation to nlgyb and nl;yb, the

w w
profiles of PFESpyp. IFElnyb, PREShyb, and IRElyy, for the case study
defined in Section 4, can be readily derived and almost read out by
inspection from the profiles reported in Figs. 3—5.

Incentive policies intended to focus on the fact that fossil-
solar hybridization may result in a more efficient utilization of
fossil fuels, should promote positive values of PFESpy, or,
equivalently, of IFEl,yp, calculated with respect to a reference or
threshold value of n’; which is either set by some authority,

w
n;Ef, or is the local average value nlgc defined by the STALPR
w w
method.

Incentive policies intended to focus on the fact that fossil-
solar hybridization may result in an efficient utilization of
renewable resources, should promote positive values of PRESpyp,
or, equivalently, of IRElnyp, calculated with respect to a reference
or threshold value of n’é which is either set by some authority,

w
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n?f, or is the local average value nllgc defined by the STALPR
w w
method, and it is important that this will vary from one renew-
able resource to another (e.g., nrlgf for solar radiation will be
w
generally different from n;ff for biomass or for geothermal
w
energy).

It is also possible to define a single parameter that combines
both aspects with the idea to promote only facilities that are in-
cremental in both aspects. For example one could define the overall
Primary Energy Savings (PES) coefficient

foyb
hyb hyb 0
PR +PF nhyb
PEShyp = 1— x /YD | ex vahyb 1- hyb hyb
fR Wy +fF W ﬁhyth +(1 _ﬁhyb)f]:
w W W MRw W
(52)

However it should be noted that this parameter is conceptually
improper in that it sums on equal grounds primary fuel energy and
renewable energy in spite of their different physical and econom-
ical values. The PESyyp, coefficient expresses the overall primary
energy savings (both fossil and renewable) that the hybrid facility
attains with respect to the production of the same electricity, in two

distinct single-resource reference facilities with f{ = ,?yb /M{w and

w
f’F‘ = thyb /M- In general, i.e., regardless of the allocation method
w

used to compute le“yb and f;yb, it is related to PFEShy, and PRESpyp, as
w w
follows

1+opy, 1 L b

T—PESp,,  1—PFESp,, ' 1— PRESpy (53)

Similarly, IFElhy, and IRElny, are related the parameter IElpyp
defined in Eq. (37) as follows

_ [FEIhbehyb + [REIhbe\)ﬁv

IElpyp = T (54)

where by inspection of Eq. (37) we note that (differently from PESpyp)
the parameter IElnyp, is independent of the allocation problem.

It is important to note that whether we use the ExRR, the
SRSPR or the STALPR allocation method (in other words, except for
the FCSS method) Egs. (30) or (36), respectively, imply the
identities

hyb  phyb
P P,
R 'F

X X
f&, f\FN IEI
B _ 1 _ hyb
PFEShyb = PREShyb = PEShyb =1 Whyb 1+[Elhyb
(55)
Whyb PEShyb
IFEly, = IRElpyp = IElpy, — W_1 = T PESpyp
_+—
fe i
w w
(56)
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Fig. 6. Primary Energy Savings (PES) of the hybrid facility, plotted as a function of the
hybrid penetration parameter Wiy, /(WE" + Wy, for various values of niy,;, niiy and
YRw- The other parameters that define the hybrid plant and the local area are listed in
Table 1.
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The first equality in each of these identities proves that the
EXRR, the SRSPR and the STALPR distribute the benefits of hy-
bridization (whether measured in terms of primary energy sav-
ings or of incremental work) evenly among the two resources. For
the STALPR method, the values of le°‘ and f{gc must first be

w w
computed.

From the point of view of the incentives, an important
threshold is when the hybrid plant produces the same electricity
as the reference single-resource plant that uses the same amount
of fossil fuel. Clearly in this case the solar integration results in
additional costs and land use with no advantages in terms of
additional electricity output, a situation which should clearly not
qualify for incentives with respect to single-resource reference
power plants. It is defined by the condition Wb — PlF‘yb/f"Fef,

w
which substituted in Eq. (55) after a few rearrangements yields the
corresponding threshold (negative) value of the PES and IEI
coefficients

Phyb Phyb
PESpyp = — ———~—— and IEl, = — R
y fl;ef /IOCWhyb y Plt{yb + fl:ef/locwhyb
w W
(57)
Below this threshold the regulator must discourage

hybridization.

Fig. 6 shows the PESpy, profiles calculated at the same condi-
tions of the sensitivity analysis of the case study carried out in
Section 4. In particular, with reference to the example discussed
earlier in this section, it can be noted that the curve with 7, = 0.55
in Fig. 6 (obtained with the same assumptions of the corresponding
curves in Figs. 3—5) results in negative values of PESpyp, thus
denoting an overall lower conversion efficiency of the hybrid plant
with respect to the single resource facilities.

6. Conclusions

In several industrial and manufacturing sectors, higher pro-
duction efficiencies are achieved by integrating the production of
a mix of different products and/or using a mix of different re-
sources and/or raw materials. Such facilities are therefore either
multi-resource or multi-generation, or both. In all these cases, one
key problem is how to define a ‘fair’ method to allocate the con-
sumption of each resource used in the facility among the different
co-generated products. This is for instance the case of multi-
product systems typically addressed in life cycle analysis
problems.

Among the possible combinations between resources and
products, one case of particular interest for the energy sector is
that of cogeneration facilities, where the objective of the allo-
cation problem is to determine the fraction of fuel consumption
in the cogenerator that should be assigned to the production of
heat and that to the production of electrical energy. We address
this case in a previous paper [1], motivated by the need to
overcome the limitations of the classical allocation methods
which require some prescribed reference primary energy con-
version efficiencies defined by some authority. In Ref. [1], we
propose a self-consistent method that we call STLAPR whereby
the allocation is adaptive and self-tuned to the local energy
scenario, with no need for prescribed reference efficiencies.

In this paper, we apply the same overall logic to formulate the
STLARP method for the allocation problem of the hybrid power
production facilities, based on the integration of renewable re-
sources into conventional fossil-fuel-fired power plants. In partic-
ular, we focus on the production of electricity in hybrid
fossil + solar power plants, because they represent a desirable so-
lution in terms of a reliable use of the solar energy, capable of
mitigating its intrinsic intermittency. The goal of the allocation
problem is to determine what fraction of the electricity is to be
considered as produced from the solar energy and therefore qual-
ifies for the subsidies typically provided to promote the uses of
renewable energy.

The results of our analysis are demonstrated using a realistic
case study, where we consider a scenario in which Solar-Integrated
Combined-Cycle Systems (SICCSs) progressively replace the elec-
tricity produced by fossil-only facilities in an area where both
fossil-only and renewable-only power plant were the norm. An
analytical study of the equations governing the STLARP method
reveals the key parameters of the local area that determine the
electricity allocation fractions as functions of the penetration of the
SICCS plants in the local area. The differences between the SRSPR
method based on prescribed reference efficiencies and the pro-
posed method turns out to become significant as the hybrid facil-
ities produce a sizable fraction of the production of electricity in the
local area.

For illustrative purposes we considered a basic case with a
single hybrid plant in the local area. Even in such case, computing
the STALRP allocation is mathematically less straightforward than
computing the SRSPR allocation. It requires the solution of a
nonlinear system of ten equations in the unknowns, which
nevertheless we show in Appendix A can be reduced to a much
simpler single second-degree equation. However, as other hybrid
plants are added to the local area the higher number of equations
increases the complexity of the solution. However, we note that
(1) such mathematical complexity can be easily and effectively
handled nowadays by numerical algorithms available in ordinary
solvers; and (2) a simplified version of the STLARP method may
also be obtained by updating from time to time the reference
values of the SRSPR method, according to the evolution of the
energy portfolio of the local area. This approach may be easily
implemented into regulations and would maintain the simplicity
of the SRSPR method, but requires a frequent update of the
reference values describing the effective efficiency of the local
area.

Although this paper focuses on the specific allocation problem
of a hybrid power plant, the principle of fair allocation and the
implementation scheme we provide here applies in general to a
wide variety of multi-resource multi-product systems, and not only
in the energy sector. In a forthcoming paper, we further generalize
the formulation of the SRSPR and the STALPR allocation methods to
the case of hybrid cogeneration facilities (two resources and two
products) as well as multi-resource multi-generation facilities. The
natural extension of the case studies of the present work and Ref. 1,
is indeed the study of the penetration in local area scenario of
hybrid solar-integrated heat (or desalination) and power cogene-
ration facilities to replace non-hybrid fossil-fuel-operated separate
productions of heat and electricity.
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Appendix A

First, we define the following ratio

pst 4 phvb
Oloc = L‘;b (A1)
P+ Py

and we write Egs. (9) and (10) corresponding to the closure con-
dition (35)

loc i
hyb _ Xw n ﬁhyb _ hyb (A2)
w loc w loc
R Ohyb + Xw F Ohyb + Xw

(U hyb + X{Xf)f hyb

o
(‘T hyb + 1 ) Thyb

R
W (f’hyb + 1) X My w

(A3)

Next, by defining the fractions of the fossil energy and renewable
energy consumed by the hybrid plant in the local area

Phyb
hyb
pRy =1 _p]S{ = psr . hyb and
Py + P,
R (A4)
hyb _ sro_ P Fy ~ Ohyb hyb
pp =1—pF = R

PS4 PIVP Oioc

the average primary energy factors for the fossil fuel and the
renewable source conversion to electricity in the local area can be
expressed as

-1 -1
hyb hyb hyb hyb
floc _ PR +1 PR and floc _ e +1 P
fhyb fsr F fhyb fsr
R R w F F
w w w w
(AS)

Taking the ratio of the two equations (A5) to compute yjoc according

to Eq. (35) and using Eq. (A3) to eliminate fll;yb and le‘yb we obtain
w w

the following relation

hyb
1- pgyb 4 phvb (Uhyb + 1)77 Y2 Xloc

ST pR
f R (0 hyb + X{Rf)fhyb
loc _ (AG)
w hyb 1
1—pg” L (Uhyb + )nhyb
ST F
f&, (Uhyb + X{/(\’/c)f hyb

This equation defines xl"c implicitly in terms of the parameters ohyb,

Nhybs Snyb Of the hybrid plant and the local parameters ojqc, pR , f ;r
w
and fSFr . With a few rearrangements and using the last of (A4), Eq.
w
(A6) can be finally cast as:

(‘710c PR 0hyb>fhybfsr< loc)z

w

hyb
+ f;r f:-r 77hypry (‘Thyb - Uloc) (Uhyb + 1)
w W

hyb hyb
+ (0 loc — PR T hyb) Thyb oy Sy — (1 - g’ )J locSoyb S5
w w

- (1 —Plﬁyb> ThybTloc/nyp Sz =0 (A7)
w

This second-order equatlon in xloc can be easily solved for the
only positive root it admits.” The product allocation fractions and
the primary energy factors can then be readily obtained from Eqgs.
(A2) and (A3).

Appendix B

There is a direct duality between the problem we treat in
Appendix A of the present paper leading to the second-order Eq.
(A7) and the problem we treat in Section 3 of Ref. [1] leading to the
second-order Eq. (30) of Ref. [1] which we copy here for
convenience

s 2
(Uloc - YQ,chpachp) 77chpfel,sep(1)loc + {fFﬁchp'YQ,chp <0chp - Uloc)
X <0chp + 1) + <Jloc - ')’Q.chpachp) Jchpnchpfel,sep

- (1 - 'YQ,chp) olocnchpTQ,sep] gbloc - (1 - YQ,Chp)
X ochpolocnchpTQ,sep =0
(30[1])

In fact, with the help of Fig. B1, it is easy to verify that these two
equations, as well as Eq. (A3) and (25 [1]) and all the others, convert
into one another by the substitutions detailed in Table B1. As a
result, the analysis of Eq. (30 [1]) in the Appendix of Ref. [1] applies
also here with the substitutions listed in Table B1, where we
observe that the parameter IElny, defined in Eq. (37) may be written
as

Mhyb fo cd+1 1

Elnyp = Fapp ', (c+1)d

9 To see this, rewrite Eq. (A7) as Ay> + By — C = 0 where A > 0 and C > 0 and,
therefore, /B2 +4AC > B and x{¢ = (B + /B2 +4AC)/2A is the only positive
root. That C > O is trivial. That A > 0 can be readily seen after noting that
Tioc — PR Thyp = PR/ (P + PR™).



G.P. Beretta et al. / Energy 60 (2013) 344—360 359
oo Tttt 1
fLERP =PI | = byt | W =gty |
W phvb /£ hyb | F ;v hyb |
)y ———————— ~—_ F Sv ! v ,‘
Hybrid Wi 1~ Product |
power facility "y ~_  allocation |
D ”Phyb /£ ! A 1:
hyb __ phyb hybyy 7hyb R R ! hyb __ nhyb I
fRrER" =P" | =17 W w | W =By Whyb !
w } R !
oo Tttt 1
| |
E. .. |=P, /f | _ |
el,chp elchp / “elchp E i elchp = a’el,chpPF,chp i
<4 —__elchpelchp } < !
. \\\\ i |
Cogeneration  ™~~._ | PFvchg 77777 L Resource |
facility ~— " i~ allocation |
< ———— - E fF,c:hp F.chp i ~< !
_ Q.chp™—~Q.chp 1 |
EQﬁchp - PQ,chp/fQ,chp } PQ,chp = OLQ,ChpPF chp i
L] I

Fig. B1. Duality between the product allocation problem in a single-product hybrid power facility treated in Section 3 and Appendix A of the present paper and the conjugate
resource allocation problem in a single-resource cogeneration facility treated in Section 3 and the Appendix of Ref. [1].

Table B1

Substitutions of symbols that transform the allocation problem treated in Section 3 and Appendix A of the present paper into the conjugate allocation problem treated in

Section 3 and the Appendix of Ref. [1].

Ref. [1] symbols < present paper

Ref. [1] symbols < present paper

Ref. [1] symbols < present paper
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Nomenclature

E energy

Ex exergy

f primary energy factor
f average primary energy factor
P primary energy

Q heat

w electricity
Superscripts

Ex exergy

hyb hybrid

loc local area of interest
ref reference

ST single resource

Subscripts

F fossil

hyb hybrid

ST single resource

R renewable

Greek symbols

6 allocation fraction

TRw fraction of the overall electricity produced in the local
area that comes form the renewable-only facilities

Nhyb overall efficiency of the chp plant defined by Eq. (7)

17’; and 775- partial energy-conversion efficiency of facility k from

J

pk

resource i to product j
fractions of resource i in the local area consumed by
facility k, defined by Eq. (A4)
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Ohyb nondimensional parameter defined by Eq. (6)

Tloc nondimensional parameter defined by Eq. (A1)

x]i nondimensional parameter defined by Eqgs. ((5), (8), (22)
and (29)

Acronyms

ExRR Exergy-based Reversible-Reference (allocation method)

FCSS Fossil-Centered-Solar-Share (allocation method)

IEI Incremental Electricity Index

IFElhyp  Incremental Fossil Electricity Index of the hybrid facility

IRElhyp  Incremental Renewable Electricity Index of the hybrid
facility

LHV Lower Heating Value

PFEShy, Primary Fossil Energy Savings of the hybrid facility

PRESpy, Primary Renewable Energy Savings of the hybrid facility

SICCS  Solar-Integrated Combined-Cycle System

SRSPR  Single-Resource-Separate-Production-Reference
(allocation method)

STALPR Self-Tuned Average-Local-Productions Reference
(allocation method)
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