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Abstract

In this paper, the optimal design of a hybrid energy plant composed of a solar thermal collector, a photovoltaic panel, a combined
heat and power system, an absorption chiller, an air source heat pump, a ground source heat pump and a thermal energy storage is
studied. The size of each technology is optimized by applying a model implemented in Matlab® environment. The optimization
goal is the minimization of the primary energy consumed throughout the life cycle of the hybrid energy plant by using a genetic
algorithm. The primary energy consumed during the manufacturing phase of the hybrid energy plant is represented by the
cumulative energy demand and is calculated by carrying out a cradle to gate life cycle assessment. The primary energy consumed
during the operation phase is evaluated by simulating the system throughout one year. The cumulative energy demand of each
system composing the hybrid energy plant is calculated as a function of the technology size. Therefore, the problem of life cycle
assessment scaling of renewable and non-renewable energy systems is also taken into account in this paper.

A tower located in the north of Italy is selected as a case study and two different approaches are evaluated. The first approach
consists of solving the sizing optimization problem by minimizing the primary energy consumption only during the operation
phase, while in the second approach the primary energy consumption is minimized throughout the life cycle of the plant by
integrating the life cycle assessment into the optimization process. The results show that, if life cycle assessment is accounted for,
the optimal hybrid energy plant configuration is different and a higher primary energy saving (approximately 12%) is achieved.
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1. Introduction

The increase of sustainability in the residential sector may be achieved by reducing the primary energy
consumption. One option is represented by the improvement of the efficiency of energy plants by means of the
proper sizing of the technologies employed for the fulfillment of building’s energy demands. However, in order to
achieve an optimal design of the energy plant, it is not sufficient to only minimize on-site primary energy
consumption. In fact, off-site primary energy consumption has to be also accounted for, especially when considering
renewable energy systems. One of the most effective methodologies for the quantification of the off-site primary
energy consumption is Life Cycle Assessment (LCA) [1]. LCA is a method for the evaluation of energy and
environmental loads associated with the development of a product throughout its life cycle [2]. Whereas, the on-site
primary energy may be quantified by simulating the plant throughout its useful life. For the sizing optimization of
hybrid energy plants (HEPs) which can be composed of renewable and non-renewable energy systems, the life cycle
inventory (LCI) of the considered technologies has to be available in a range of sizes, to calculate the off-site
primary energy. However, the lack of data is one of main obstacle facing designers and LCA analysts in conducting
the optimization study. This problem is usually overcome by scaling linearly the LCI or the final impacts of a
product with its capacity. Regarding the optimization of HEPs in a life cycle perspective, several research papers
were presented in literature. The sizing optimization problem of a HEP composed of a photovoltaic system, a wind
turbine, a diesel generator and a battery used for residential building applications is presented in [3]. The
optimization of the system is achieved by using a genetic algorithm and considering only the operation phase of the
system. The optimal design of a stand-alone PV-wind-diesel engine system with batteries storage is investigated by
the authors of [4]. In their study, the optimization is conducted by using an evolutionary algorithm which minimizes
the levelized cost of energy and life cycle emissions over the lifetime of the HEP. They found that considering the
emissions associated with the manufacturing and decommissioning phases in the optimization process may affect the
final configuration of the optimized HEP. Jing et al. [5] optimized the size of a building energy system with the
purpose of maximizing its life cycle energy saving and pollutant emission reduction. The works mentioned above
performed the optimization study of the energy plant by applying a linear scaling for the estimation of the impacts of
each technology involved in the plant. However, it is well known that the relationship between the flows of the LCI
and the size of a product follows a power law [6], similarly to product cost scaling known as economies of scale [7].

The main novel contribution of this paper consists of a procedure for optimizing the size of a complex HEP by
taking into account of the non-linear LCI scaling of energy systems. The HEP is composed of renewable and non-
renewable energy systems and the optimization is conducted with the aim of minimizing the primary energy
consumed during the manufacturing, transportation and operation phases. Finally, a case study is considered to
demonstrate the effectiveness of the proposed procedure. Two approaches are considered to assess the influence of
the integration of LCA into the optimization process.

Nomenclature

A area f function

AB auxiliary boiler fval fitness function

ABS  absorption chiller fuel fuel

AC auxiliary chiller G input or output flow of the life
ASHP  air source heat pump cycle inventory

CED  cumulative energy demand GA genetic algorithm

CHP  combined heat and power grid grid

cold cooling GSHP ground source heat pump
E energy HEP  hybrid energy plant

El electricity k scaling exponent

el electric LCA  life cycle assessment
LCI life cycle inventory s generic energy system

N lifetime sent sent to the grid

op operation STC solar thermal collector
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P decision variable or nominal power storage thermal storage

PE primary energy consumption taken  taken from the grid
PV photovoltaic system th thermal

ref reference v volume

2. Model development

The optimal design of the HEP is made by considering an energy-based criterion, i.e. the primary energy
consumed throughout the manufacturing and operation phases is minimized. However, a different objective
function, such as pollutant emission production or total cost, may be implemented in the model developed in this
paper. Sizing optimization is conducted by using a Genetic Algorithm (GA) because of its ability to deal with
discrete spaces and solve nonlinear problems [8]. In fact, this kind of evolutionary algorithms does not require
limiting assumptions about the underlying objective function.

2.1. Hybrid energy plant

Figure 1 shows a scheme of the HEP considered in this paper. It is composed of different technologies which use
renewable and non-renewable energy sources. In particular, solar thermal collector (STC), photovoltaic panel (PV),
combined heat and power system (CHP), absorption chiller (ABS), air source heat pump (ASHP), ground source
heat pump (GSHP) and thermal energy storage are considered.
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Fig. 1. Scheme of the HEP
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In addition, a condensing boiler (AB) and a chiller (AC) are also considered as auxiliary systems in order to meet
thermal and cooling demands in the case that they are not fulfilled by the abovementioned systems. Heat pumps are
assumed reversible, i.e. they can produce thermal energy in winter and cooling energy in summer.

Equations (1), (2) and (3) express the balance of thermal energy, cooling energy and electric energy demands to
be met by the different technologies of the HEP:

Expin =En _(ESTC,th +Ecup.m t Ecsup.m + Easup. i +Estorage,th) D
EAC,cold = Ecold - (EABS,cold + EGSHP,cold + EASHP,cold ) (2)
Eqy + Egsup,el + Eastpel ¥ Eacel = Epviel + Ecipel T Egrid,el 3)

As can be seen from Eq. (1), Emn, which represents the space heating and hot water demand, can be met by the
STC, CHP, GSHP and ASHP systems. The AB ensures the fulfillment of the thermal demand in case it is not met by
the other systems. From Eq. (2), Ecola, Which represents the cooling demand, is fulfilled by the ABS, GSHP and
ASHP systems. The AC ensures the fulfillment of the cooling demand if not fulfilled by the other systems. The
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electric demand E¢ and the electricity required by the heat pumps and the auxiliary chiller are provided by the PV
and CHP systems. If these systems are not able to fulfill the demand of electric energy, the remaining part is
imported from the grid. Otherwise, the excess of the produced electric energy from the CHP and the PV is exported
to the grid.

A model is implemented in Matlab® environment to simulate the system throughout an entire year on an hourly
basis. The control logic of the different technologies is defined by a switch-on priority mapping which defines the
starting order and allows the minimization of the primary energy consumption during the selected simulation period
[9]. More details are provided in a previous work carried out by the authors [10].

Equation (4) defines the primary energy consumed during the operation phase. It is defined as the sum of primary
energy consumption of the CHP, AB and the primary energy referred to the electricity exchanged with the grid. The
disposal phase is omitted in this study because of lack of data.

PE, = PEgy cup + PEg, ag + PEg - PEg 4

el,taken el,sent

2.2. Life cycle assessment model

In order to evaluate the primary energy consumed during the manufacturing phase of the PV, STC, CHP, GSHP,
ASHP, ABS and the storage, a cradle-to-gate life cycle assessment is carried out. AB and AC are not assessed, since
they are considered as auxiliary systems and they are not involved in the optimization process.

The life cycle inventories of the investigated systems were obtained from Ecoinvent® [11] by considering the
European market. The calculation is conducted by using the software openLCA® [12]. The cumulative energy
demand (CED) is considered as the impact indicator. The CED accounts for the primary energy consumed
throughout the cradle-to-gate life cycle and represents the depletion of energy resources associated with the life
cycle of the system [13].

For sizing optimization purposes, in order to calculate the CED of a system of an arbitrary size, CED values
should be available at different sizes of the considered system. However, life cycle inventory databases usually
provide inventory data for a certain product at a predefined size. In literature, this problem is usually overcome by
scaling linearly the life cycle inventory flows of an equipment with its capacity. Nevertheless, linearization may
over- or under- estimate the final results because the relationship between life cycle inventory flows (or impacts)
and system size is not linear and follows a power law trend, in a fashion similar to the economies of scale [14].
Thus, to calculate the CED of a system in a range of sizes, life cycle inventory data were scaled as in Eq. (5):

k
G =G,y (LJ (5)

ref

where G represents the scaled life cycle inventory flows (i.e. material, energy, emission, etc.) at the scaled size P,
Gt the flows at a reference size Prr and k the scaling exponent which ranges from 0 to 1. The LCI flows (Grer) at
the reference size are obtained from the Ecoinvent® database, while the scaling exponent (k) is derived from
literature. It should be mentioned that, nonlinear scaling was only carried out for the CHP, GSHP, ASHP, ABS and
storage equipment, while the LCI of STC and PV systems was scaled linearly (i.e. k=1) as a function of the
respective area. Scaling exponents k for the CHP, GSHP, ASHP, ABS were obtained from literature or by assuming
the economy of scale. Moreover, in order to calculate the primary energy associated with the manufacturing of the
grid, the Italian grid was also modelled by using the Ecoinvent® database. The CED associated with the cradle-to-
gate life cycle of the optimized technologies is calculated as in Eq. (6):

CED = Z% + CED g (Elyeen) (6)

S

where CED represents the total CED expressed in Ml¢q per year, the first term on the right hand-side is the sum
of the primary energy associated with the cradle-to-gate life cycle of the optimized systems and CEDgiq represents
the primary energy associated with the life cycle of the Italian grid and depends on the electricity taken from the grid
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per year of operation. Finally, for each system, the variables Ns and Psrepresent the useful lifetime and the decision
variable (or the size), respectively.

2.3. Optimization method

The methodology for sizing optimization of HEPs is outlined in Fig. 2. The GA is initialized by generating a
random population of individuals in the design space and each individual represents a combination of sizes of the
technologies composing the HEP.

For each individual of the population, the primary energy PE,, consumed during the operation phase is calculated
from the simulation model of the HEP as reported in Eq. (4), while the CED is calculated from the LCA model
according to Eq. (6).

!/ \V
Population of :v[ LCA model J )[ CED J i { Fitness function evaluation for ]
I ! 1

;;;dividuals ‘ r the individuals:
i
1‘[ Simulation model J >[ PEqy, ] ! fval = PE,, + CED

New GA operators No
population (elitism, crossover and mutation)

Fig. 2. GA optimization flowchart

GA
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?

Ye.i) Optimal combination
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Consequently, the GA evaluates the fitness function of each individual in the current population as follows:
Sfval = f(P)=PE,, + CED 7

Then, based on the values of the individuals in the current population, the GA creates a new population by
applying three operators (elitism, crossover and mutation). These mechanisms are repeated by the GA until a certain
criterion is met and the best individual, which represents the optimal combination of sizes, is selected.

The decision variables P which represent the sizes of the technologies to be optimized are Pcrp el nom, PGSHP,th.noms
PAsHP thnom, PABS thnom, Astc and Apy. The volume of the storage Viiorage 1 calculated according to [15] as a function
of CHP and STC decision variables, while the size of AB and AC are imposed equal to the peak of the thermal and
cooling energy demands, respectively.

3. Results

A tower composed of thirteen floors with commercial and office spaces use, located in the northern Italy, is
considered as a case study. The heating, cooling and hot water building energy demands were calculated by using
the software EdilClimaEC700®. The energy demand is estimated equal to 207.17 MWh/year for space heating,
154.83 MWh/year for space cooling, 8.75 MWh/year for domestic hot water and 410.92 MWh/year for electricity.
The hourly demand presents a peak of 234 kW for space heating and hot water, 294 kW for space cooling and 161
kW for electricity.

The sizing optimization problem of the HEP is carried out based on the efficient matching between building
energy demands and the energy supplied by the considered technologies, with the aim of minimizing the objective
function represented by Eq. (7). The optimization aims to optimize the STC and PV area (4stc and Apy) which can
cover the available total area (328 m?), the CHP nominal electric power (Pcup.einom), Which is an integer in the range
0-100 kW, the GSHP and ASHP nominal thermal power (Pgsup,thnom and Pasup,hnom) in the range 0-250 kW, and
the ABS nominal thermal power (Pags,hnom) in the range 0-200 kWy,. It has to be mentioned that, the constraints
related to technology sizes currently available in the market are not taken into account. However, for each
technology, they may be considered by adding a constraint on the available maximum and minimum size. Regarding
the GA set-up, 300 generations with a population of 300 individuals for each generation are evaluated and the elite
count is set equal to 10.
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Table 1 shows the optimization results of the two approaches considered in this study. The first approach (LCA
integrated) optimizes the sizes of the technologies by accounting for the primary energy consumed throughout the
cradle-to-gate life cycle of these systems, while in the second approach (LCA not integrated) the LCA is not
integrated into the optimization process.

As can be seen, the integration of the LCA may lead to a different combination of sizes. In fact, by adding the
off-site primary energy consumption evaluated by the LCA method, the area of the PV system increases in favor of
the STC of about 13 m?, the size of the CHP is increased from 84 kW, to 100 kW., the size of the GSHP is halved,
the size of the ASHP increases from 86 to 101 kW, and the ABS nominal power increases from 171 to 200 kWi,

Figure 3.a reports the annual CEDs associated with the cradle-to-gate life cycle of the two combinations of
technology sizes (see Table 1) per one-year lifetime obtained by applying the two approaches.

Table 1. Optimal sizes of the technologies

Optimization decision Astc [mz] Apy [mz] Pep el nom [KWe] Pasup thnom [KWi] Pastp thnom [KWin] Pags thnom [KWi] Vstorage [1]
variables (P)

LCA not integrated 15.2 312.8 84 250 86 171 748.4
LCA integrated 2.5 324.7 100 125 101 200 831.2
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Fig. 3. Annual CED of the different technologies a) and contribution of the grid, HEP and operation phase to the primary energy consumption b)

With reference to the CED of the GSHP (Fig. 3.a), it can be noted that, even if the size of the GSHP is halved
from “LCA not integrated” approach to “LCA integrated” approach, the value of the CED is not halved; this is due
to the nonlinear scaling approach adopted in this paper. Indeed, this justifies that linear scaling may under- or over-
estimate LCA results and affect the optimization results.

Figure 3.b shows the primary energy associated with the grid (CEDgiq), the cradle-to-gate life cycle of the whole
plant (CEDugp), the operation phase (CED,p) and the total primary energy consumption (fval). It can be seen that
CEDgiq most heavily affects the optimization results. It should be mentioned that CEDg;i¢ can be evaluated only by
considering both the LCA and the operation. This is due to the fact that CEDgq is related to the electricity taken
from the grid which depends on the operation policy of the different technologies. Furthermore, by integrating LCA
into sizing optimization, the GA algorithm tends to increase the PV area in favor of the STC and also increases the
size of the CHP, in order to minimize the amount of electricity taken from the grid. Moreover, the integration of
LCA leads to a primary energy saving of about 12%.

4. Conclusions

The problem of optimal sizing of a HEP by accounting for off-site primary energy consumption was investigated
in this paper. The problem of nonlinear scaling of the LCI of the different technologies was also addressed. Two
approaches were evaluated in order to evaluate the influence of the integration on the optimal result and plant
configuration. The main conclusion of this paper is that accounting for off-site primary energy consumption may
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lead to a different configuration of the HEP and to a higher primary energy saving, which in turn means a lower
depletion of energy resources and environmental impacts.
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