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Abstract: The current study examines an algorithmic solution for the reduction of carbon dioxide
emissions resulting from the optimum energy demand coverage of a typical university campus via
the contribution of an existing Combined Heat and Power (CHP) unit of 600 kW, based on natural gas
utilization. The application results of the proposed algorithm for the UNIWA Ancient Grove Campus
suggest an optimal operation plan for the corresponding CHP unit and achieve a carbon dioxide
emission reduction by almost 55% on an annual basis. In this context, the proposed innovative
solution may be equally well applied on several other university campuses with similar positive
results for the environment.
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1. Introduction

University campuses belong to the (public) service sector and, for various reasons,
are characterized as high energy consumption and heavy polluting facilities, due to the
absence of an energy saving strategy or zero energy consumption management. Normally,
university campuses should present the optimum energy consumption performance and
minimum environmental surcharge, being also a successful real-world example for young
engineers but also for the citizens of nearby communities. Unfortunately, this is not the case
for the vast majority of Greek universities, since the standard solution adopted up to now
by the public sector is the purchase of electricity from the national grid and consumption of
oil or natural gas in the central heating boilers of the buildings. Moreover, the utilization of
small air conditioners for each office, mainly for cooling purposes, completes the irrational
energy consumption pattern.

In contrast to this general case, the University of West Attica (UNIWA) Ancient Grove
Campus covers its energy consumption needs mainly by the contribution of an existing
Combined Heat and Power (CHP) unit of 600 kW, based on natural gas utilization. A
complementary amount of electricity may be supplied by the main grid, applying the
net metering option. Moreover, small natural gas quantities may be used for heating
purposes by university boilers, although the vast majority of heat demand is covered by
the utilization of the CHP. To this end, the current study examines an algorithmic solution
for the reduction of carbon dioxide emissions resulting from the optimum energy demand
coverage of a modern, environmentally friendly university campus. The application results
of the proposed algorithm for the UNIWA Ancient Grove Campus suggest an optimal
operation plan for the corresponding CHP unit and achieves a carbon dioxide emission
reduction by almost 55% on an annual basis.
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Energy Consumption Profile for the University of West Attica

The Ancient Grove Campus of the University of West Attica extends over an area of
about 100,000 m? in the middle of an olive grove and is located near the center of Athens
and the port of Piraeus and includes a total of 10 buildings with an equivalent space
of 50,000 m2. The campus hosts more than 400 staff members, while the total number
of active students currently is more than 12,000. In recent years, the annual electricity
consumption of the entire campus was almost 3.0 GWh, while the corresponding peak
load rarely exceeded 1 MW. Moreover, monthly electricity consumption does not present
significant fluctuations yearly (Figure 1), excluding the period of the pandemic and taking
values between 150 MWh and 350 MWh. According to the data in Figure 1, it is obvious
that electricity consumption is also affected by the cooling and heating needs of the campus,
covered by small autonomous AC devices.
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Figure 1. Monthly variation of electricity consumption on the Ancient Grove Campus.

On the other hand, the heat demand of the campus is fulfilled by seven central heating
boilers (practically each for every building) of various thermal power values (e.g., from
200,000 kcal/h up to 1,200,000 kcal/h), while the cooling load is covered by several central
heating pumps up to 600 kWe. To this end, the natural gas consumption for campus heating
is more than 1200 MWhy,, while the corresponding additional electricity consumption for
cooling purposes may approach 750 MWh (Figure 2).

Natural gas consumption and electricity for cooling
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Figure 2. Monthly variation of natural gas consumption for heating and electricity consumption for
central cooling of Ancient Olive Campus.

2. CHP Methodology & Unit
2.1. Combined Heat and Power Methodology

Cogeneration/polygeneration, i.e., the parallel production of electricity and heat or
cooling, is one of the most promising energy saving techniques, since the “waste heat”
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of the electricity generation process is used to cover the heating/cooling demand of the
consumers. More specifically, cogeneration, also known as combined heat and power
(CHP), has a similar function to conventional thermal power plants but in a more efficient
way. In this context, CHP power plants generate electricity using a fossil fuel (e.g., natural
gas) or a renewable fuel (e.g., biogas), while the remaining energy in the exhaust gases
is exploited for space and water heating purposes [1]. Additionally, the combination
of a CHP system with an absorption chiller, which converts the waste heat into chilled
water for cooling purposes, is known as “trigeneration” or combined cooling, heating and
power (CCHP).

Several studies have shown that the simultaneous production of electricity and heatis a
highly efficient method (i.e., 80-90%) [2]. Additionally, cogeneration consumes 10-30% less
fuel than the separate production of electricity and heat [3]. More thorough research has
shown that depending on the CHP technology used, the overall efficiency of plants can
reach 80% [4]. Figure 3 presents the efficiency of a conventional centralized power plant,
where the heat is produced separately from electricity vs. the efficiency of a CHP system.
Therefore, cogeneration represents an environmentally friendly way to save energy, on
top of improved financial performance compared to conventional thermal power plants
(i.e., 10-30% less fuel). For instance, natural gas due to its high heating value, easy supply,
and relatively low greenhouse gas (GHG) emissions compared to other fossil fuels, is
appropriate for high efficiency CHP plants [5]. However, at this point, it is important to
mention that one of the key points for the successful operation of a similar installation is
the simultaneous demand of electricity and heat or cooling.

Conventional Generation Combined Heat & Power
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Figure 3. Comparison between a conventional generation system and a CHP system.

Recapitulating cogeneration provides many benefits compared to conventional energy
production concerning efficiency, environmental, economic and reliability issues [6]. CHP
plants avoid transmission and distribution losses that typically occur in large, centralized
power stations, while consuming less fuel for energy production. Less fuel means not
only reduced energy costs but also fewer GHGs and other harmful emissions. CHP also
mitigates the risk of electric grid disruptions by providing reliable on-site energy.

2.2. Combined Heat and Power Units of UNIWA

As already mentioned, the CHP installed in UNIWA (Figure 4) has a gross electrical
power output equal to 600 kW, (net output ~560 kWe), using natural gas and including
heat recovery strategies concerning the hot outgases and the hot water from the engine
cooling subsystem. Any heat recovery is used to cover the heat load of the campus, mainly
during the winter, while it can also be used for providing cold water for cooling purposes
via the absorption technique. More precisely, on the basis of the complete energy analysis
of the proposed CHP unit, the expected thermal output is approximately 650 kWy,, while
for cooling purposes, the corresponding max power is almost 850 kW. To this end, the
electrical efficiency of the CHP is slightly less than 40%, while according to the engine
manufacturer, the total thermal and electrical efficiency exceeds 85%.
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Figure 4. (a) CHP installation on the Ancient Olive Campus; (b) Average values of CO, emission
specific factors [7].

Moreover, the selected installation has the ability to operate in collaboration with the
national grid or autonomously in case of blackouts covering selected high priority loads of
the campus. As one can see in Figure 4, the entire CHP has been installed in appropriate
containers located in a free space of the Campus, without any other additional building to
be erected. Only an additional container is necessary for the installation of the absorption
chiller and the auxiliary water treatment system. The electricity produced by the CHP
is offered at a medium voltage of 20 kV /50 Hz via the appropriate transformers and is
connected to the proposed position of the control board of the Campus. Finally, the CHP
unit is also integrated with a thermal storage tank of hot water, mainly used for feeding the
boilers of the respective buildings in the case of extremely cold days.

3. Carbon Dioxide Emissions Quantification

Carbon dioxide is the product of a reaction between carbon and oxygen molecules
during a complete combustion process. In this context, carbon dioxide is emitted during
fossil fuel combustion. However, even in the case of RES-based applications, one may
estimate a small amount of CO; emissions due to the primary energy used during the
relative equipment manufacturing process and due to the fuel consumed during the
erection, manufacturing and decommissioning of all RES-based installations. As is obvious,
the CO, emissions depend on the fuel mix of an economy, as well as on the carbon dioxide
specific emission factors of the various energy technologies used. For example, the CO,
emissions related to the production of one kWh of electricity in the local economy are
given as:

Egrid = Wlign€lign + Wng€ng + Wyind€wind + Whydro€hydro + Wother€other 1)

where “w” is the percentage contribution of the different energy resources (i.e., lignite,
natural gas, wind energy, solar energy, hydropower and other) in the national electricity
generation fuel mix, and “¢” represents the specific CO, emissions factor for every energy
technology used. Using the well-established analysis by the authors [7], based on a detailed
literature review, one may provide (see also Figure 4b) the corresponding ranges for most
technologies used, e.g., 400-500 gCO, /kWh, (mean value 450) from natural gas.

Judging from the values presented above, the carbon footprint of RES is significantly
lower than that of fossil fuel power stations, while among fossil power generation technolo-
gies, natural gas presents the lowest values of specific CO, emissions per kWhe [8] on life
cycle analysis.
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4. Problem Modeling
4.1. Conventional Demand Coverage

For the period up to 2016, the university’s electricity demand was exclusively covered
by electricity supply by the Greek national grid (HEDNO), while its thermal demand was
covered by natural gas-fueled boilers. Under these circumstances, the CO, emissions can
be calculated as follows:

€= el + e, @)

This equation can be rewritten, presenting CO, emissions related to electricity demand
“D,;” and thermal needs “Dy,”, as follows:

e= 8grid'Del + 8ng'Dthr 3)

As is obvious from Equation (3), the university’s CO, emissions are linearly connected
to the Greek national grid’s CO, emissions coefficient, &rid (see also Section 3).

4.2. Modeling of Suggested Solution

The proposed minimum carbon dioxide emissions model should fulfil a series of
constraints, needs and limitations derived from its real-world application.

Primarily, the fundamental objective of the model is the minimization of CO, emissions
related to the coverage of electricity and heat demands, as described by Equation (2). After
the introduction of the CHP to the university campus, emissions related to electricity
demand will be equal to the sum of emissions by the electricity generation by the local CHP
“Sel,cnp” and the electricity imports by the national grid “S;; 44", using the corresponding
emissions coefficients, i.e., “¢4,;” and “¢.,,”. Regarding heating needs, given that thermal
supply from CHP does not produce additional emissions other than those related to
electricity production, emissions related to thermal demand (in case that the university
boilers are used) will be equal to the product between the heat supply by the natural gas
combustion engine “Dy, ,,” and the natural gas combustion emission coefficient “¢,4”. As
a result, total emissions related to electricity and heat demand coverage will be:

€= 8gridsel,grid + 8ngst‘h,ng + 8chpsel,chp/ 4)

which is the objective function of the model. Apart from the objective function, the de-
scribed model will be subject to a series of constraints linked to the special needs of the
applied operation of the system.

The total amount of electric demand has to be fully covered by the electric production
of CHP and imported electricity by the national energy grid:

Del = Sel,grid + Sel,chp/ (5)

Moreover, the campus’s thermal needs have to be met by the thermal energy supply,
combining heating resulting from CHP operation and the natural gas boilers of the campus.
However, thermal supply from CHP operation, not producing extra CO, emissions and
able to be released or transferred to nearby buildings, can exceed the system’s thermal
needs, while heat supply from the natural gas combustion engine has to be limited to
the level of actual demand. Finally, taking into account the CHP power-to-heat ratio
“c” as provided by the engine manufacturer, ranging between 0.7 and 0.9, depending on
the engine’s operational level, heat supply by CHP can be written with respect to CHP
electricity production, leading to the following set of inequalities:

Sel,ch
Dy, < Sth,ng + ECC p/ (6a)

Sthng < D, (6b)
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Furthermore, the model has to take into consideration the physical limitations of
electricity supply from the CHP unit, related to the maximum electric power of the engine,
along with the number of its annual operating hours, leading to another constraint:

Sglrchp < SZ;?}CLP = PEl,Chp‘CF'876O’ )
where “CF” is the utilization factor of the CHP installation, depending on the technical

availability of the power station (maintenance, failures, etc.), as well as on the operation
strategy of the unit.

4.3. The Model

Combining Equations (4)—(7), while restricting negativity to the model’s critical values,
we conclude with the required model, describing the problem, as it is presented in Table 1,
by the following matrix representation:

Table 1. Matrix representation of the model.

Sel,grid Sthng Sel,chp Operator Criterion
1 0 1 = D,
0 1 1/c > Dy,
0 0 1 < CF * 8760 * Pe) ey
0 1 0 < Dy,
1 0 0 > 0
0 1 0 > 0
0 0 1 > 0

Egrid €ng Echp = Min(Z) =e

The model developed is able to calculate the optimum level of CHP operation (i.e.,
CF value) in order to achieve the minimum carbon dioxide emissions, while ensuring the
full coverage of campus electricity and heat demand. For this purpose, the model requires
inserting electricity and heat demand, CHP maximum power and cogeneration coefficient,
along with carbon dioxide emission coefficients for grid power, natural gas combustion
engine and cogeneration unit.

5. Application, Results and Discussion
5.1. Application

The developed model was applied to the case study of the University of West Attica.
For this purpose, the variables needed for the calculation have been set to (Table 2):

Table 2. Model input variables for the University of West Attica case study.

Variables (Input) Values Units

Dy 3,000,000 kWhe

Dy, 605,000 kWhy,

c 0.85 -
Pep ep™™ 550 kW

Eqrid * 0.9 kgCO, /kWhe
Eng 0.25 kgCOz/kWhth
Ecip 0.45 kgCO, /kWhe

1 carbon dioxide emission coefficient for the national grid for 2015, has been set equal to 0.9 [9].

By inserting the data listed in Table 2 above, the model outputs are presented in
Table 3 below:
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Table 3. Model results for the University of West Attica case study.

Variables (Output) Values Units
Sel,grid 0 kWhe
Sth,grid 0 kWhy,
Sel chp 3,000,000 kWh,
Sth,chp 3,450,000 kWhy,
¢/ (model) 1,350,000 kgCO,
e (conventional) 2,851,250 kgCO,
Ae (emissions reduction) 53 Y%

The outputs of the model suggest that, for the given set of data input, the CHP unit
utilization rate should be:

Set,chp 3,000,000

Sux 4,818,000

CFeyp = ~ 62.3% ®)

The CHP utilization rate should be CF ~ 62%, operating at maximum power for
5455 h on an annual basis, while producing 3000 MWh of electricity and 3450 MWh of heat.
According to this solution, an almost 55% reduction of carbon dioxide emissions may be
achieved compared to the conventional operating mode. With this solution, the university
campus will fully cover its electricity and heat demand using the CHP unit, while there is
remarkable heat excess for auxiliary loads or even for export to nearby consumers.

5.2. Parametric Analysis of the Suggested Model

The input variables of the model can be separated into two different categories: the
systemic (or internal) variables—remaining almost unchanged through time, and the
external variables—that are subjected to changes that cannot be controlled, such as “D,;”,
“Dy,” and “eg,4”. However, as suggested by the initial results, changes up to 25% in
electricity and thermal demand are not expected to have an effect on the results, leading to
a linear increase (of decrease) in the utilization rate of the CHP unit (46.7% < CF’ < 77.9%).
Thus, the parametric analysis will be focused on the sensitivity analysis of the model,
related to changes in the national grid’s CO, emission coefficient.

Changes in the carbon dioxide emission coefficient “eg,;4” can occur over the course of
time, due to the electricity fuel mix changes in the national electricity generation system.
More specifically, as the Greek energy policy aims to achieve more RES-targeted energy
production, the carbon footprint of the national electricity grid tends to decrease, lowering
the carbon dioxide emissions coefficient, aiming to reach a level of 0.2 kgCO,/kWh,
by 2030.

Taking this NEPC target into consideration, a parametric analysis for different levels
of carbon dioxide emissions coefficient has been performed in order to present the effect of
these different levels on the model output. The initial value of &gy = 0.9 (valid up to 2015)
has been lowered by a step of 0.05 until the level of 0.1 in order to indicate the sensitivity
of the model outputs. The results of the model for these different inputs are presented in
Figure 5:
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National Grid's CO, emission coefficient effect on
model's emissions reduction
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Figure 5. Effect of National Grid CO, emissions coefficient on proposed model’s emissions reduction
(compared to conventional method) and on electricity production by CHP engine.

5.3. Results Discussion

The results presented in Figure 5 indicate the major effect that brought the changes of
the national energy grid fuel mixture to the optimum CHP capacity factor and the achieved
carbon dioxide emission reduction. More specifically, for a national energy mixture with
CO, emissions coefficient of more than 0.45, full coverage of energy demands by CHP oper-
ation is the optimal solution, with a declining contribution to emission reduction. However,
as it is shown in Table 4, for &rig Values between 0.45 and 0.16, the minimum emissions
are achieved by electricity supply, mainly by the national grid, while the operation of CHP
is limited, targeting its electricity production to the level of Dy, 4, /¢, in order to cover
the thermal needs of the campus. Furthermore, for €rig values less than 0.16, the optimal
solution suggests the return to the conventional demand coverage method, which in this
case produces the minimum CO, emissions.

Table 4. Suggested operating levels for ¢, values ranges under examination.

£grig Values CHP Optimal Operating Level

[0.90, 0.45) Full electricity and heat production

[0.45,0.15) Electricity production needed for full heat
T production

[0.15, 0.10] No production

6. Discussion

Based on the results obtained above, the CHP unit proved to be the optimal solution
for carbon dioxide emissions, back in the days of its installation, in 2015. Nowadays, the
national energy grid emissions coefficient varies between 0.45 and 0.50 [9], allowing the
energy production of the CHP engine to still offer a 10-18% reduction of CO, emissions.
Moreover, as the Greek national policy gradually shifts to a cleaner energy mixture (CO,
emissions coefficient less than 0.45), CHP operation shall be limited, aiming to mainly
cover the thermal needs of the campus, in parallel with its electricity production, while
the university is advised to embrace energy systems with an even smaller carbon foot-
print, such as PV solar systems (epy = 0.075) that can further reduce the CO, emitted by
university operations.

The authors of this study suggest further investigation of the optimum level of CHP
engine operation, using additional criteria for decision-making, including total energy costs,
exploitation of excessive CHP thermal output, and stand-alone operation for the coverage
of peak loads. In this context, the proposed innovative solution may be equally well applied
on several other university campuses with similar positive results for the environment.
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