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ARTICLE INFO ABSTRACT
Keywords: The proper design of cogeneration plants requires the choice of the technologies that best fits the ratio between
Cogeneration heating and power loads. In this paper, a dynamical procedure of selecting and dimensioning a cogeneration

Dynamical Simulation
Multi-objective analysis optimization
Food Industry

Exergy analysis

plant, using deep and detailed energy, exergy and economic analysis of the entire production process of a frozen
food production factory is proposed. The results highlight that a design method, based on a dynamic simulation,
optimizes the energy efficiency of the food processing plant involved in the experimental test. Indeed, by
considering the overall efficiency of the CHP + National grid system, the energy efficiency is 6% higher in the
case of dynamic compared to a static design, resulting in better overall use of resources with a possible lower
level of environmental impact. Moreover, the CHP plant designed with the proposed method generates electrical
energy which appropriately matches that required by the process, with a surplus/deficit less than 4%, while the
classic method never covers the amount required and results in a deficit greater than 20%. Finally, the annual
savings of the solution derived from the dynamic method is 12% higher than that obtained with a traditional
design technique. Considering the greater absolute cost of the cogeneration plant, this dynamic approach results
in more profitable annual investment margins for the company.

more the industry is interested in using this type of plant [2,4-6].

Many methods have been studied to reduce greenhouse gas emis-
sions, in particular, the introduction of cogeneration systems for in-
dustrial plants [7,8] and civil use [9,10]. This results in a significant
reduction in the production of CO5 emission [11-13]. All this is greatly
stimulated from an energetic point of view thanks to the reduction and
recovery of waste heat [14], and from an economic point of view thanks
to areduction in energy costs [15]. These systems are more sustainable if
the energy carrier employed is produced from waste processing in the
same industry or from other neighboring industries or farms, such as, for
example, food industries [17-22].

Regarding the heat loss in current energy systems, it is estimated that
it is high enough in approximately 30% [23] of power-only generation
plants, therefore, this leads to the possibility of obtaining strong energy
recovery and/or savings. The state of the art of technologies used in
modern cogeneration plants achieves efficiencies of 90% (fuel input
converted to useful energy), while the global average for traditional

1. Introduction

Cogeneration arises from an attempt to recover in a useful way all or
part of the heat that must necessarily be discharged from a thermal
engine or power station. The heat recovered could be effectively used in
industry, construction or district heating. It is well known that primary
energy savings, compared to the separate generation of heat and elec-
tricity, is relevant due to a better exploitation of fuel/resources [1].
From the technologies available today, it is also possible to choose the
one that best fits the ratio between the required heat and power [2].

In particular, some types of machines used in cogeneration, such as
micro gas turbines (MGTs), allow the modulation of power production
as a function of the variability of user demand without incurring sig-
nificant loss of performance [3]. This should lead to well-designed and
planned production processes with cogeneration plants, with clear en-
ergy and exergetic savings since the greater the demand for energy, the
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Nomenclature

A Heat exchanger surface (m?)
e specific (mass) exergy (J/kg)
E Required Power (W)

Total Exergy Flux (W)
Specific enthalpy (J/kg)
Total enthalpy (J)

Mass flow rate (kg/s)

Molar flow rate (mol/s)
Number of Micro Turbines
NTU Number of Thermal Units (-)

Z 33T

P Pressure (bar)

Q Thermal Power (W)

r partialization (-)

Ro Universal Gas Constant (J/mol K)

s Specific entropy (J/kg K)

U Heat exchanger transfer coefficient (W/m?K)
w Mechanical/Electric power (W)

Greek

a air-fuel mass ratio (-)

e specific (molar) exergy (J/mol)

n efficiency (-)

Subscript

0 dead state

1 exhaust gas after combustion, hot water after pre-heating

2 superheated steam, exhaust gas after expansion
3 exhaust gas after afterburning
A air

B Boiler

C Combustion

CH4 Natural gas

CMP CoMPressor

e electrical

EG Exhaust gases

f formation (enthalpy)

h heat

ICE Internal Combustion Engine
in inlet

L cooLant

LHV Lower Heating Value

m mix

max maximum

MGT Micro Gas Turbine

oth other gases

O Oxygen

out outlet

SHS Super Heated Steam

th thermal

w water

Superscript

k) k-th Boiler

_ mean value

power generation plants based on fossil fuels is 35-37% [23].

However, the literature reviews cited above lead to a common result.
Despite the numerous papers related to cogeneration plant design in
industrial and civil applications, there are not many examples regarding
the use of combined heat and power (CHP) plants in the agricultural and
food industry chain, especially those where a high load variability often
occurs

About 20 years ago, Fantozzi et al. [24] focused their attention on an
Italian pasta and animal feed factory, determining the type and scale of
the possible internal combustion engines (ICEs) and gas turbine (GT) for
system configuration, which was evaluated only on the basis of monthly
energy consumption. More recently, some authors have paid particular
attention to economic and environmental feasibility of CHP plants in the
food industry. Freschi et al. [25] analyzed both the economic gains and
environmental aspects at the same time by means of a dynamic simu-
lation tool applied to the food industry. However, as an energy indicator
they used only the Primary Energy Saving coefficient (PES), one of the
three parameters proposed in this paper, which was applied both to CHP
plants and trigeneration systems. Optimization was carried out using
mixed-integer linear programming.

These studies highlight that the food industry is well suited to the use
of cogeneration, whose design is today primarily based on an energy and
economic analysis of the process as a whole, comparing results before
and after the installation of a cogeneration plant. Some reviews can be
found in [2,3,26].

Generally, in the literature research can be found regarding energetic
[1,16,27,28], economic [29,30] and exergetic [31,32] aspects con-
cerning CHP plants, but only a few authors provide a complete analysis
of these three aspects as a whole for the food industry [33]. Studies are
frequently carried out separately from many CHP applications, which
however provide important indicators that can be used as useful support
for the optimum selection and sizing of a cogeneration plant as applied
to the food industry [34,35]. In particular, Zisopoulos et al. [34]
developed a careful review of the different applications of these

indicators, which were used separately or, at most, in pairs.

Only in recent studies multi-objective analysis of CHP plants was
carried out in order to find the optimum configuration of the plant [36]
and the optimization of plant operation [37], but never for applications
of the food industry with high load variability. In fact, in most food
industries the energy requirements produce an unpredictable trend due
to the high variability of raw materials during an entire year. This in-
creases the difficulty in optimizing the entire production process and in
particular energy management. In any case, multi-objective analysis is
considered to be a powerful tool for determining the best trade-off so-
lutions among conflicting objectives [38]. The choice of suitable
objective functions is not a simple task. Generally, an optimization of
economic parameters leads to a worsening in energy parameters, and
vice versa. For this reason, in many cases the analysis is not carried out
by using dynamical simulation, although an exception may be made for
some applications, mainly regarding civil engineering [2,39].

Due to the previously cited high variability of energy loads, a
cogeneration plant may have serious difficulty in following heat
tracking or power tracking. Under these conditions, CHP plant opera-
tion, whose design is traditionally based on only monthly consumption
of electricity and natural gas as well as on installed power and the
number of working hours (static analysis), may function in an unpre-
dictable and inefficient way. This confirms the need for the dynamic
analysis described below, which is carried out on an hourly basis of
energy flows and combined with multi-objective optimization tech-
niques in order to determine the right configuration and type of CHP
plant as well as its correct size.

In this study, an energy analysis of the frozen food industry was
carried out according to well-known and consolidated techniques. Then,
a dynamical procedure was proposed to simulate, select and size a
cogeneration plant through an energy-exergy analysis of the heat and
power generation process and a simplified economic analysis, by using a
multi-objective optimization procedure.
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2. Materials and methods
2.1. Processing facilities

The energy analysis and successive simulation—optimization steps
were carried out in an Italian cooperative firm that processes and mar-
kets canned and frozen foods, Fruttagel S.C.P.A., consisting in a main
plant in Alfonsine (Ravenna), Italy, and a second factory in Larino
(Campobasso), Italy. In particular, this paper refers to the plant located
in Larino, which includes all the activities of pre-processing and storage
of frozen products. The plant, which is the focus of this study, has three
separate production lines of frozen foods:

o leaf vegetables: spinach, chard and others;

e grilled vegetables: eggplant, zucchini and peppers;

e vegetable soup: different types of frozen vegetables, cut into slices
and cubes of various size, stored in bins, then mixed and packaged at
the plant in Alfonsine.

The facility consists of:

e an area with processing lines and freezing facilities at —40 °C ;

e cold rooms for storage of raw materials (one cold room at 0-4 °C for
finished products, and two cold rooms at —40 °C);

e laboratory and offices;

e technical installations for the production processes.

Due to the high variability of processed foods, the production trend is
highly seasonal as it is strongly influenced by the fresh product har-
vesting seasons. This makes it impossible to determine a typical month.
Moreover, as also highlighted below, it is not possible to define a typical
week or even more so, a typical day, because of the short-term unpre-
dictability of agricultural production.

2.2. Energy supply and consumption

Typically, many food industries have a high heat demand for pro-
cessing raw materials as well as for electric energy to run all the process
machinery [5].

The main energy sources used by the company studied are:

electric power for the cooling station, the laboratory, offices and
auxiliary services (lights, air compressors, water pumps, etc.),
natural gas to feed the boilers,

natural gas for grilled vegetables production (not included in this
analysis).

To meet the need for electricity, the company is connected at Me-
dium Voltage (MV) to the national grid. In particular, Table 1 shows the
total installed power, taking into account each factory division
(including the freezing plant), the refrigeration units for storage for raw
materials and finished products, the compressed air unit, and auxiliary
systems and offices. It can be noted that the processing lines have a
higher installed power, as expected. This is mainly due to the numerous

Table 1

Electric power installation for different uses.
Description of the user Power[kW]
Processing lines and freezing plants (-40 °C) 810
Storage of raw materials (0 — 4 °C) 160
Storage of raw finished products: cold room 1 (-40 °C) 115
Storage of raw finished products: cold room 2 (-40 °C) 250
Compressed air unit 22.5
Auxiliary system and offices 110.5
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operations that take place within each line, such as the separation of
impurities from the raw materials, the selection, the washing and
freezing of the products as well as the transport of materials (products,
by-products and waste material) from one machine to another. The
processing plant is also equipped with a control unit for the production
of compressed air, consisting in 3 compressors of about 7.5 kW each.

A large amount of power is also required for the refrigeration of raw
and finished products, while a lower request comes from pneumatic
machines and offices (lighting, equipment and air conditioning).

Regarding the heating loads, the heating plant consists of two
boilers, one 3.5 MW and the other 4.5 MW, for the production of su-
perheated steam at 190 °C and 10 bar. The cooling station has a total
installed power of 1.3 MW, and consists of 6 vapor compression chillers
with ammonia as the refrigerant.

In addition to detecting monthly trends of power and heat for the
company, direct measurements of electric power absorbed W and heat
output required Qg (t) for the production of superheated steam were
made. Electricity and gas consumption data were acquired hourly for
one year. Regarding the hourly heat output Qgys(t), this was calculated
using time trends of the incoming and outgoing hot fluid temperature

Tin(t) and T (1) (k € {1, 23), pressure p®)(¢), entropy s®(¢) and average
flow rate m™® (t) for each k-th boiler, then adding up the individual heat
Qi(t) [401:

RO

Q" =m® [y (T850.p% ) (T pin) |3k € 1,2} )

Qss = ¥2.,Q% @)

where k = 1 refers to the nominal power boiler 4.5 MW, and k = 2 refers
to the nominal power boiler 3.5 MW, while h,, is the enthalpy of water at
a given temperature and pressure.

This represents the first step of our procedure, which was finalized to
calculate all the input data for the following dynamic analysis of the
simulated cogeneration plants.

2.3. CHP tested configurations

In Table 2 we show a list of available technologies used in CHP
plants, and below their different uses for industrial applications are
explain in detail [41,42].

About the internal combustion engines not equipped with a pres-
surized jacket it is worth remembering that about half of the obtained
heat is available at temperatures below 100 °C and the other at tem-
peratures around 350-450 °C. Therefore, it is necessary to continuously
evaluate what type of load tracking method (heat or power) is

Table 2
Available CHP technologies and their main use.

CHP

Engines with/without
pressurized jacket

Combustion engine CHP plants can handle wide load
range in combination with the high efficiency at
different loads and the fast starts and stops. The
pressurized jacket allows obtaining heat at higher
temperature if required.

Large Gas Turbines CHP plants (power of at least 1
MW) are most suitable for high and stable heat and
power loads due to their quite slow starts and stops
Microturbines produce thermal energy only at high
temperature. Microturbines, while being
characterized by a generally lower yield than that of
large gas turbines, often become better performing
when partialized.

Steam turbine CHP plants are most widely used in the
industrial sector where high quantity and high-
quality heat is required. In general, these plants will
be designed around the heat demand with electricity
as the secondary product

Large Gas Turbines

Microturbines with/without
afterburner

Combined plants (Gas +
Steam Turbines)
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convenient to use to lose as little energy as possible.

Regarding large gas turbines, they are not suitable when frequent
shutdowns occur due to variability in product demand: it is necessary to
avoid frequent intermittent operation for a correct and efficient use of
gas turbines. In fact, due to the very high temperatures reached by the
early stages of blade system, high mechanical stress occurs during the
fast heating and cooling periods.

On the other hand, particularly interesting is the solution involving
the use of micro gas turbines, generally made of ceramic material,
showing relatively low working temperature (below 900 =+ 950 °C)
making it possible to gradually turn them off and on, according to
appropriate programming.

Furthermore, the flexibility of microturbines allows partializing the
total electric power of the cogeneration plant without having an
excessive reduction of the efficiency. In fact, it is possible turning on at
nominal power only those microturbines which provide to get as close as
possible to the heat or electric power demand.

Finally, combined cycle power plants are mostly used when high and
stable heat load is required compared to less important electricity
requirement.

Sometimes an afterburner is added to the solution with gas micro-
turbines and a backup boiler to the solution with engines. In this way,
the sizing of the CHP modules can be based on a fraction of the
maximum heat demand avoiding, so, moments of surplus of electricity
that do not justify the cost effectiveness.

Therefore, due to the high demand and variability of both electricity
and heat of the studied application, it is possible to assess the most
suitable configurations of a medium size cogeneration plant using the
following machines:

- pressurized internal combustion engines (ICEs),

- micro-gas turbines assembled in cluster (MGTs).

Two configurations have been considered. The first involves internal
combustion engines (in a cluster of a suitable number N) with a backup
boiler (Fig. 1), while microturbines (in a cluster of a suitable number N)
equipped with an afterburner (Fig. 2) constitute the second
configuration.

The engines used in the first configuration (Fig. 1) are equipped with
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a jacket and an intermediate fluid as coolant flowing in it, which is able
to recover part of the waste heat at low temperature. Process water is
preheated in a counter-current low temperature heat exchanger while
the cooling fluid is recycled in the jacket. Steam is generated from the
preheated water by using the exhausted gases in a high temperature heat
exchanger. If necessary, a backup boiler could be used to cover any
additional steam request.

In the second solution (Fig. 2) the air is compressed in each micro-
turbine group then mixed with the natural gas, burned and finally
expanded in the gas turbine. If necessary, the temperature of the
exhausted gases is raised in an afterburner to meet the required heating
load. Steam is then generated in a counter-current heat exchanger.

Plant configurations can be completed with the integration in the
micro-grid of the photovoltaic system. In order to maximize the benefits
arising from the use of CHP, the study was carried out through dynamic
simulation taking into account energy, exergy and economic aspects.
The simulations were performed for each one configuration shown in
Table 3, by determining the operating parameters of each machine on an
hourly base.

When the CHP solution is integrated with a photovoltaic system, it
mainly produces the electricity necessary for the cold rooms. This is
particularly useful when the production lines are turned off, resulting in
a lack of heat load. Overnight electricity can be purchased from the grid
at a more favorable tariff. This avoids the CHP working as a simple
power generator, which would lead to the production of waste heat with
a high environmental impact.

Finally, it is important to note that the existing refrigeration system
still provides the cooling load, so the proposed solutions are CHP plants
and not CCHP (Combined Cooling, Heating and Power) plants. In fact, in
trigeneration systems, where cooling load is supplied by using an ab-
sorption chiller, the performance of cooling power can be, in some cases,
lower than that of compression chillers [23,43].

2.4. Numerical modelling

As for the solution with an engine, the schematic representation of
the plant is shown in Fig. 1 and the main mass, energy and exergy time-
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Fig. 1. Schematic representation of simulated plant with engines as CHP.
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Fig. 2. Schematic representation of simulated plant with microturbines as CHP.

Table 3
Simulated plant configurations.

CHP Renewables Load tracking
Engines with backup boiler Photovoltaic (Yes/No) Heat

Engines with backup boiler Photovoltaic (Yes/No) Power
Microturbines with afterburner Photovoltaic (Yes/No) Heat

Microturbines with afterburner Photovoltaic (Yes/No) Power

varying balance equations are listed below.

Mixing (other gases =~ N2):

Mixing of gases, air (A), composed mainly of Oxygen (O2) and other
gases, and natural gas (CHy), concerns only mass (molar) and the exergy
balance equations since energy does not vary during the mixing process.
In the equation 3, the sum of molar fluxes of Oz (rip,), of CH4 (ricy,) and
of the other gases (ri,,) matches the molar flux of the mixture (ri,):

Ny =na + Mgy, = Mo + Mo, + Mg, 3

The same occurs for the exergy (e, is the specific molar exergy of Oa,
€c, is the specific molar exergy of CHs, and ¢,y is the specific molar
exergy of the other gases) before the irreversible mixing occurs (em,in):

Mmémin = Moth€oth + Mo,€0, + McH,ECH, (©)]

and after irreversible mixing (emour) [441:

Noth
N

. . . Tio.
NMmEmout = Noth | Eoth +RoToln + no, |€o, +RoToln T,: +

ncn, | €ca, +RoToln % ®)

where Ry is the Universal Gas Constant, and T, is the dead state
temperature. The total exergy flux can be calculated as the difference
between input (emin) and output (emoue) exergy fluxes:

Exm = T (Em.in *Sm,out)

. Toth . .
= 7n0[herR0 Toln ﬁL 7Tl()2R0 Toln(on ) 7HCH4R0 Toln(XCHA)
m

(6)

Combustion:

Regarding combustion, the mass balance equals the mass flow rate of
the mixture (my,) with that of the exhaust gases (mgg), where the latter is
the sum of air and methane flow rate, and aj, is the air-fuel mass ratio
(depending on the corresponding molar flow rates):

Mg = My = (1 +am)men, )

Energy balance requires further steps. The Lower Heating Value of
methane Hipyych, is converted into heat (QC), using the standard en-
thalpies of formation of the individual compounds of the combustion
reaction (hycu,, hr0,, hf.co,s Arm,0):

Qc
= mcn, [hy.cr, + 2hr0, — (Ar.co, + 2hsim0) | = Men, Hinv.cn,
®

and into power:
W= rWpax = |:77eICE (73 Wmax) } Qc ©

where 7,5 is the electrical efficiency of the Internal Combustion
Engine (ICE) depending on its partialization (r) and, possibly on the
maximum electrical power (Wynqy) of the ICE.

The enthalpy of the exhaust gases after combustion is calculated by
summing to the initial enthalpy of the mixture and the heat generated,
either not converted into electrical power or transferred to the coolant or
dispersed into the environment (the last quantity is taken into account
using the thermal efficiency 7y;c; of the ICE):

hec(Tze1)

Nthice (’”a Wmax) eamHLuv cH,

= apha(To) + hen, (To) + T+ am)
(10)
The exergy of the exhaust gases is calculated by using standard for-
mulations [44], that takes into account enthalpy h and entropy s of in-
dividual compounds both depending on temperature (Tgs; and Ty
respectively) and pressure po:
TNEGEEGL
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NMoth

=Tk { €oth +RoToln | —
Nm

+ [hotn(TEG1,Po)
— hot(To, Po) ] + To[Son (Tec1, Po)
. n
—Sotn(To,Po) | ¢ +Mo, 4 €0, +RoToln % + [ho, (TkG1,Po)

m

— ho,(To,po)] + To[so, (Tec1:Po)

. riCH
+nepy,  €ch, + RoTyln i 4
m

—50,(To,Po) | + [hen, (Te61,Po)

— hen, (To) ]+ Tolscu, (Tee1,Po) — Scu, (To) |

an

Again the total exergy flux is calculated by the difference between
input (Mggem oue) and output (Mggerg:):

Ex¢ = Tipgem,out —TiEGERGT = MEGEm.out —TEGEEGL (12)

Engine refrigerator:

Using the same procedure adopted to calculate the enthalpy of the
exhausted gases, the total heat Q; transferred to the coolant is easily
obtained:

Q. = mycr(Tu1 —Tro)

TWnax

Nerce <r, Wmax)

13)

From the last equation the output temperature of the coolant Ty; is
also easily calculated. Exergy flux is computed using standard formu-
lation [44]:

Ex; = —@(ﬁ—%ﬂ) 14

Water-Coolant heat exchanger:

In this case, the standard formulation for a counter current heat
exchanger is used: where Upy and Apy are the heat exchange global
coefficient and the total area of the heat exchanger respectively, 7, is
the exchanger efficiency, ww is the heat capacity ratio, NTULy is the
Number of Thermal Units. Water is heated by raising its temperature
from T, to Ty; without evaporation (occurring in the steam generator,
Ty generally coinciding with water saturation temperature) by cooling
the coolant decreasing its temperature from T;; to To:

myc (T —Tro)

= {1 — NelcE (r, mef) — Nenice (r, Wmax) }

[(Tz1 — Tw1)(Tio — Two) |

Tii—Ty
ln(éﬁé—mﬁ%) ‘

= My Cw(Twr — Two) = UrwALw

(15)
_ 1-e (ogw)NTULy
2w ey (16)
min (mwcw,mLcL>
oW =——F X 17)
max (n'zwcw ,rr’chL>
NTU,y = — Ywhw 18)
min | my,cy,mpcr,
A o)

Steam generator:

The last step is steam generation by mean of the exhausted gases.
Enthalpy and exergy of exhausted gases are easily calculated using the
same procedures as above:

he6(Trco,Po) = hig(Tign, po) —Zeltelliz e hu(lun Pu)} 50

Exgw = mgc(ec1 —erco) + Mw(ewr —ewz)(21)
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As for the solution with microturbines, the schematic representation
of the system is reported in Fig. 2, but the corresponding mass, energy
and exergy balance equations are not shown, as they are very similar to
those of Engine solution.

Photovoltaic power station:

With regard to photovoltaic producibility, reference was made to
data from the PhotoVoltaic Geographic Information System (PVGIS)
[45].

3. Dynamical simulation and optimal selection

For each configuration described above, in order to determine which
are optimal, several simulations were performed by varying the power of
both the CHP and the photovoltaic plant. The microturbines used in this
paper had an electrical power of 100 kW or 200 kW in clusters up to 15.
For the engine solutions, at most, two engines were used varying the
power with a step of 50 kW for each one, up to a total power of 2 MWe.
Finally, in order to properly design the solutions, appropriate operating
maps of the machines involved were used. In any case, a single machine
(ICE/MGT) is turned on and partialized only if a minimum electrical
efficiency of 30% is guaranteed (Table 4).

Natural gas is the fuel used for the CHP. Entropy of vapors and gases
are calculated using the thermodynamic properties stated in [43].

For the photovoltaic power plant, the maximum value of peak power
for the whole plant was limited to 1 MWe (with 50 kW steps), taking into
account the maximum surface area available in the company for the
installation of the panels.

Lastly, if the CHP power supplied by the plant (W) does not match
the power required (E), some electric energy is acquired from the Na-
tional grid (E —W). This is taken into account by considering the average
efficiency of the Italian energy generation system (7 = 0.46) and so the
global primary energy required by the entire farm.

A multi-objective optimization was performed to identify the best
configuration and size of the system. The objective functions considered
are:

e global (primary) energy efficiency = m

this represents the efficiency calculated by taking into account not
only the CHP intrinsic efficiency (both heat and power E compared with
energy provided by the fuel mey, LHV), but also that of the national grid
.

e global exergy efficiency = nzﬂf—j'
this represents the overall exergy flux compared with that of the
incoming components of air and fuel.

e Payback Period (PP) = Investment (I) / Cash Flow (CF)

as reported in [1], this is the most popular economic indicator and
represents the period required to refund the initial capital plus the in-
terest that could be received from an alternative investment of this
capital.

Table 4

Electric efficiency of the ICEs and MGTs used in the simulation.
Partialization ICE MGT
100% 40.0 32.8
90% 38.0 32.8
75% 36.8 32.7
50% 35.2 30.7
25% 30.1 24.9
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With regard to the choice of an optimal configuration from all the
simulated ones, there are different possible algorithms that may be used
[45-47]. In this case study, a Pareto (multi-objective) optimization
technique was chosen. Pareto optimality allows establishing a hierarchy
among the solutions of this multi-objective optimization problem [38].

The algorithm was developed in Matlab (The Mathworks inc., Natick
— MA, USA). Fig. 3a,b show the operating logics of the developed soft-
ware. These schemes were used for the calculation in each time interval,
throughout the entire year. In particular, Fig. 3a specifies the logical
steps that the algorithm performs to identify the optimal solutions in
power tracking configuration. The evaluation is based on the assessment
of the energy efficiency of the simulated solution. Therefore, it is
necessary to verify whether the photovoltaic system alone is sufficient to
cover the electrical load, or instead it is required to turn on the cogen-
eration units (at full or partial load). In order to optimize the solution, it
is also considered the sale and purchase of energy from/to the grid.
Indeed, it is worth remembering that the global energy efficiency also
takes into account the efficiency of the national grid. In the case of heat
tracking (Fig. 3b), the operating logics are structured in order to un-
derstand whether the configuration plant under investigation is able to
cover the heating load or not, eventually by partializing some units or by
activating a boiler or afterburner (ICEs or MGTs respectively) for the
residual integration. Once the load is covered with an adequate effi-
ciency, any deficit or surplus of electricity must be exchanged with the
national grid.

4. Results
4.1. Energetic analysis

Fig. 4 shows the monthly electricity and natural gas consumption of
the boilers, converted into the corresponding amount of heat by
considering that the LHV for natural gas is 9.6 kWh/Sm?, from January
to December. Fig. 4 also shows the monthly average heat/electric energy
ratio (H/E). Although variable over the year, the monthly average H/E
ratio remains above 1, with a yearly value average of 1.5. Therefore,
according to conventional design rules [48-50], power tracking should
be recommended as it seems that all cogenerated heat could be fully
utilized. This analysis is, however, reductive, as it would lead to wrong
dimensions.

By analyzing the cumulative curves of electricity and heat (Fig. 5a,
b), it can be highlighted that an electrical load is always present, while a
heat load is present only for at most 5,000 h. Therefore, the monthly
average heat-power ratio seems to be greater than the yearly average
value of 1.5 for no more than 5,000 h, and nearly zero (no heat required)
for the remaining hours of the year. Therefore, according to this anal-
ysis, any CHP should be switched on for only 5,000 h per year and would
cover only about 60% of the company’s annual consumption. This
consideration leads to two possible design choices:

1. downsizing the plant based on the monthly average data without
taking the maximum advantage of the CHP (traditional method);

2. identifying other parameters that allow for the design of a system
that tracks heat or power load as accurately as possible, trying to
cover as much required energy as possible (proposed dynamical
simulation).

The heat and power load trends from two different months, March
and July (Fig. 6a,b), confirm the high variability of both electrical and
heat load due to the seasonality of agricultural production as well as the
lack of continuity in the supply of raw materials and demand for the
finished products. In the summer months (May — September: e.g.
Fig. 6b), the heat load is almost always higher than the power load due
to the high demand for hot water for precooking and overheated steam
for cooking. During the other months (January - April and October —
December: e.g. Fig. 6a) there are long periods of an inversion of energy
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Fig. 3. Schematization of the operating logics for a) power tracking and b) heat
tracking. The “A” operator stands for “calculation of process parameters”, “B”
represents “go back”.

needs with the heat load often lower than the power load. This behavior
is due to the smaller amount of raw materials to be processed during
these periods with the resulting lower production of hot water and su-
perheated steam.

It is also confirmed that there is a constant base of about 40% of the
maximum electrical power required, essentially due to the continuous
operation of cold storage for raw materials as well as for the finished
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products.

Given the high demand for electric and thermal energy, it is also
confirmed that the installation of a micro-grid composed of the cogen-
eration plant combined with photovoltaic panels could cover the basic
electrical load during daytime.

4.2. Optimization results

The time trends of the results from dynamic simulation carried out
using the numerical model described in the previous section were used
to find the optimal plant configuration. Due to the very high number of
plots, only those corresponding to the chosen solution and obtained by
mean of a traditional design method are shown (see Section 4.3 below).
On the other hand, all Pareto set plots are presented since they were used
to determine the solutions from which to choose from the various
simulated configurations. In particular, they are shown as two-
dimensional diagrams for two pairs of parameters to be optimized,

without loss of generality. In the diagrams for engine configurations,
each point corresponds to a set of three values: the electric power of the
first engine, the electric power of the second engine and the total electric
power of the photovoltaic plant. In the case of the microturbines cluster,
each point corresponds to a pair of values: the total electrical power of
the microturbines and the total electrical power of the photovoltaic
plant. The red dots represent the optimal configurations lying on the
optimal Pareto boundary obtained through multi-objective analysis. For
each set of configurations, the intersection of the different Pareto
boundaries was found, thus obtaining the optimal solutions for each
group of simulations, as shown below.

4.2.1. Internal combustion engines, photovoltaic, heat tracking

In this case, it is possible to choose a configuration which maximizes
both energetic and exergetic objectives, 53.4% and 41.0% respectively
(red dots to the far right in Fig. 7a,b) preserving an acceptable payback
period (for about 3 years): first engine power 800 kWe, second engine
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power 650 kWe and photovoltaic power 500 kWe. On the contrary, it is
possible to achieve a shorter payback period (just more than 2 years, as
shown in Fig. 7b) by reducing the energetic efficiency (near 45%),
slightly reducing the installed power of the two ICEs. In this case, in fact,
the CHP system does not cover the required power in most periods but
leads to smaller investment costs. From the results highlighted in Fig. 7a,
it is clear that the increase in energy efficiency is associated with an
almost linear increase of the exergetic efficiency leading to a better use
of the total energy in the studied industry.

4.2.2. Internal combustion engines, photovoltaic, power tracking

In the case of engine power tracking there are more possible solu-
tions than previous cases that are characterized by a small reduction in
the exergetic efficiency (just under 40%, Fig. 8a), a higher energy effi-
ciency (more than 60%, Fig. 8b) and a lower payback period (less than 3
years).

In this case there are three possible configurations in the intersection
of the two optimal sets. They are (First engine power, second engine
power, Photovoltaic power): (850 kWe, 650 kWe, 550 kWe); (750 kWe,
750 kWe, 600 kWe); (700 kWe, 700 kWe, 600 kWe). The first configu-
ration ensures the highest exergetic efficiency (38.2%). Otherwise, it is
possible to slightly increase exergetic efficiency and drastically reduce
the payback period at the expense of an important reduction in the
global energetic efficiency. In fact, the first two solutions are charac-
terized by the same power of the two ICEs, with quite similar efficiency
both at full and partial loads.

4.2.3. Microturbines, photovoltaic and heat tracking

In this case (Fig. 9a,b), the best trade-off consists of 6 MGTs 200 kWe,
1 MGT 100 kWe and photovoltaic power 600 kWe. However, even with a
quite high global-energy efficiency (68.7%) the payback period is quite
high (3.8 years) and the exergy efficiency is quite low (30.0%).

This trend is principally due to the efficiency of the microturbines
which drastically diminishes when the partialization falls below 50%
(Table 4), determining the lowest quality of energy and thus a smaller
exergetic efficiency. This is just the opposite compared to the behavior of
the engines, which can be partialized with greater flexibility.

4.2.4. Microturbines, photovoltaic, power tracking

This last case is quite similar to the previous one, but the exergetic
efficiency is lower than before (less than 30%, Fig. 10a). Payback period
varies between 1.5 and 4 years (Fig. 10b): the higher the payback period
the lower the quality of energy achieved. The configuration is similar to
the previous one, but the photovoltaic installed power is 500 kWe.

In both of the microturbine cases it is possible to achieve very short
payback periods at the expense of quite low exergetic efficiencies,
leading to a possible higher environmental impact of these solutions
than with the engines.
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4.3. Dynamical VS static simulation: final results

Tables 5 and 6 show the best solutions (best trade-off with payback
period of approximately 3 years) for each set of configurations obtained
from the intersection of the Pareto boundaries described above. It is easy
to observe that the cluster of MGTs allows higher overall energy effi-
ciency (68.7%) than the use of the engines (53.4%) when choosing the
heat tracking technique, while the global energetic efficiency is quite
similar for power tracking for both the Engine and MGTs solutions. On
the other hand, the exergetic efficiency is quite lower for MGTs,
resulting in a poor use of the energy resources. In addition, a longer
payback period is required if both energetic and exergetic objectives are
maximized in all cases.

Focusing on tracking methods for the engine solution, even if power
tracking allows a CHP-only efficiency that is lower than heat tracking,
the overall efficiency is significantly higher, while the two methods are
almost equivalent as regards both global exergetic efficiency and
payback period. Hence, power tracking is chosen.

On the contrary, in the case of a solution with MGTs, while again
there is a little difference in both exergetic global efficiency and payback
period between the two tracking methods, heat tracking is the best
method regarding both global and CHP energetic efficiency.

Moreover, while the cluster of MGTs allows for higher overall energy
efficiency than the use of the engines for both tracking methods, a longer
payback period is required and the exergetic efficiency is moderately
lower, resulting in higher operating costs and a poorer use of the energy
resources.

Therefore, in the present study engine technology with power
tracking represents the best choice, mainly because of the high vari-
ability of power and heat load. The configuration to be installed is the
one that includes two engines with power equal to 650 kWe and 850
kWe respectively and a photovoltaic plant of peak power equal to 550
kWe (Fig. 11). On the contrary, when a quite high simultaneity between
electric and heat load occurs, the employment of microturbine tech-
nology becomes cheaper than the engines, as in the case of the pasta
factory reported in [51].

In Fig. 12 and 13, an example of the required electric power trends in
a cold and hot month (as already shown in Fig. 6) are compared with
those produced in the chosen cogeneration plant solution. Thus, higher
generated electric power than required means that some electrical en-
ergy is sold, while smaller values lead to acquire it. Heat is always
slightly smaller than required and the heat deficit is generated using the
backup boiler. During the year, the surplus/deficit of generated elec-
trical energy does not exceed 4% of the total energy required.

The ICE configuration with power tracking, obtained by means of
dynamical simulation, is compared to the configuration obtained using
the classical static technique. In this case, (the electric power required is
just below 2 MW and the average heat/power ratio is about 1.5), a CHP
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Fig. 7. (a) Pareto Set (red dots) for the pair of criteria: Global (primary) exergetic efficiency - Global (primary) energy efficiency; (b) Pareto Set (red dots) for the pair
of criteria: Payback — Global (primary) energy efficiency. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
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Table 5

Optimal solutions for engine configurations.

Table 6
Optimal solutions for microturbines configurations.

Parameter

Heat Traking

Power tracking

First engine power (kWe)

Second engine power (kWe)
Photovoltaic power (kWe)

Payback (years)

Global (primary) energetic efficiency (%)
Plant (CHP only) energetic efficiency (%)
Global exergetic efficiency (%)

800
500
550
3.1
53.4
70.0
41.0

850
650
550
2.9

62.8
60.0
38.2

Parameter

Heat Power
Traking tracking
Microturbines power (kWe) (6 MGTs 200 kWeand1 1300 1300
MGT 100 kWe)

Photovoltaic power (kWe) 600 500
Payback (years) 3.8 3.7
Global (primary) energetic efficiency (%) 68.7 63.4
Plant (CHP only) energetic efficiency (%) 73.2 65.3
Global exergetic efficiency (%) 30.0 29.0

10
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Fig. 11. Schematic representation of the best configuration of the CHP plant (power tracking).
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Fig. 12. Electric power trend in March: ‘CHP’ line corresponds to the power
generated by the cogeneration plant configuration obtained by dynamic
simulation; ‘Required’ corresponds to the electric power absorbed by the whole
firm (see also Fig. 6a).

plant usually consists of two engines of equal power (450 kWe each).
This overall power is calculated based on the average power required by
the company in the reference year taken from energy bills: average
monthly consumption, installed power and a typical load curve (in this
case, based on the annual load curves of Fig. 5a, b).

Since there is a basic demand of electrical energy regardless of the
heat load (cold stores) equal to approximately 530 kWe, it is generally
recommended to install a photovoltaic plant of 550 kWp. Table 7 shows
the results from simulations carried out by following the above criteria
of classical design.

Power tracking is the best choice in this case as well. Then Table 8
compares the best solutions for both dynamical and static design. In
particular, it is noted that the overall electrical power determined with
the dynamic design is greater than that obtained with a traditional static
design method. This means that the classical design produces an
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Fig. 13. Electric power trend in July: ‘CHP’ line corresponds to the power
generated by the cogeneration plant obtained by dynamic simulation;
‘Required’ corresponds to the electric power absorbed by the whole firm (see
also Fig. 6b).

underestimation of the real demand for electric energy, with the
reduction of the overall efficiency of the overall electrical grid system.

In Figs. 14 and 15, the required electric power trends (giving ex-
amples of a cold and hot month) are compared with those produced with
the CHP configuration obtained by static procedure. It is clear that in
both months (with similar behavior during the year) the electric power
generated by the CHP designed using the traditional (static) procedure
almost never covers the amount required with a deficit greater than
20%.

The difference in energy and exergetic efficiencies is in favor of the
design based on a dynamic simulation, and the payback is less than three
years in both cases. A further analysis has been carried out by using one
more objective function: the annual savings of the proposed solution
(based on annual energy costs of the company). The results (data not
shown) highlight that the global annual savings is 12% higher for the
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Table 7
System-related outputs designed according to the classical design method based
on the average data.

Parameter Heat Traking Power tracking
First engine power (kWe) 450 450

Second engine power (kWe) 450 450
Photovoltaic power (kWe) 550 550

Payback (years) 3.2 2.5

Global (primary) energetic efficiency (%) 47.0 56.6

Plant (CHP only) energetic efficiency (%) 70.4 36.9

Global exergetic efficiency (%) 38.0 36.9

Table 8
Dynamic and static design for a cogeneration plant consisting of two internal
combustion engines with electrical load tracking.

Parameter Dynamic design Static design
First engine power (kWe) 650 450
Second engine power (kWe) 850 450
Photovoltaic power (kWe) 550 550
Payback (years) 2.9 2.5
Global (primary) energetic efficiency (%) 62.8 56.6
Plant (CHP only) energetic efficiency (%) 60.0 58.6
Global exergetic efficiency 38.2 36.9
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Fig. 14. Electric power trend in March: ‘CHP’ line corresponds to the generated
power by the CHP plant obtained by static design, ‘Required’ corresponds to the
electric power absorbed by the whole firm (see also Fig. 6a).
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dynamically designed solution than that obtained with the traditional
design technique. This allows, when compared with a greater absolute
cost of the cogeneration plant (hence a slightly higher payback), more
annual investment margins in favor of the company.

From the point of view of CHP alone, it seems that the two solutions
do not show great difference in terms of energy efficiency and, therefore,
it seems that a more accurate design leads to only economic benefits.
This analysis, however, was completed by taking into account the global
energy efficiency of the CHP that includes also the National grid system
efficiency. This overall efficiency is 6% higher in the case of dynamic
design, determining better overall use of resources and less environ-
mental impact.

Therefore, the results obtained confirm the validity of the proposed
method both in terms of energy savings and exergetic benefits as well as
a reduced environmental impact.

5. Conclusions

The aim of this paper is to propose a method for designing and
dimensioning a cogeneration plant for a food processing factory by using
dynamic simulation and multi-objective optimization analysis. The
proposed procedure first of all requires that the designer has to acquire
one year real data about the use of energy in the studied industry and use
these data as input to the simulation model. The solution found through
dynamic analysis should be compared to that obtained with a standard
design method (static analysis) as done in this paper. Therefore, the
proposed technique can be used effectively when there is a high vari-
ability of the electrical and / or heat load. In the studied application, the
high demand and variability of both electrical and heat load led to
consider two configurations of cogeneration system: 1) with pressurized
internal combustion engines and a backup boiler; 2) with gas micro-
turbines plus afterburner. The results gives as optimal solution an energy
generation plant equipped with two engines of 650 kW and 850 kW
respectively and a 550 kW photovoltaic plant. Globally, what obtained
by the dynamical simulation can be summarized as follows:

o the proposed method allows the choice of the most suitable tech-
nology, among those proposed, in order to fit the factory energy demand
and determine the correct size of the cogeneration units;

o the overall efficiency is 6% higher with dynamic rather than with
static design by considering the cogeneration system -+ national grid;

o the surplus/deficit of generated electrical energy does not exceed
4% of the total required energy;

e the traditional (static) procedure almost never covers the amount
required with the resulting deficit greater than 20%;

e the annual savings resulting from the solution found through dy-
namic analysis is 12% higher than that obtained by mean of the
standard method.

The results prove that dimensioning cogeneration systems through
dynamic analysis and multi-objective optimization can lead to high
profitability in terms of both energetic benefits and environmental
impact. For a future perspective, the method could be further enhanced
to optimize the monitoring of the CHP plant during operations, after its
optimal selection.
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