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The paper deals with a model-based analysis of innovative cooling systems, to be deployed in
telecommunication (TLC) plants in consideration of their size, geographical location and
typology (e.g. central Offices or data-centers). Environmentally friendly systems, such as
geothermal heat pumps and trigeneration plants, were considered. The trade-off between the
investment and operating costs was first analyzed, followed by a comparative evaluation of
economic savings achievable via each candidate solution with respect to reference benchmarks,
here represented by traditional air-water heat pump and conventional interaction with electrical
grid. In this way, a preliminary macroscopic assessment of the best solutions was accomplished,
according to the different scenarios (i.e. small or big TLC plant) under investigation. A more
detailed analysis, concerning the comparison between traditional and geothermal systems, was
specifically carried out to evaluate savings as a function of the external temperature and,
consequently, of geographical location.
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1. Introduction
Nowadays all energy-related issues and environmental concerns are assuming an
increasing relevance. In particular, industrial processes are required to meet certain
standards in terms of energy efficiency and CO2 emissions, as established in the EU 20-2020 climate change plan [1].
In such a context, the information and communication technology sector can give a
strong contribution to reducing CO2 emissions and energy consumption, with the adoption
of smart solutions [2].
Energy efficiency often goes hand in hand with economic savings, as energy-efficient
solutions typically involve lower operating costs compared to traditional solutions [3], [4],
[5]. On the other side, such solutions also require an effort in terms of initial investment
costs, thus forcing companies to a careful assessment of this trade-off. The latter was
deeply investigated in this study, wherein quantitative results are provided for some typical
TLC scenarios.
In this framework, the present work aims at providing TLC decision makers with useful
preliminary insights for optimal selection of innovative cooling systems, which can
potentially contribute to lowering central office and data-center impact, in terms of both
green-house gas emissions and operating costs. Indeed, the latter expected impact suggests
suitably accounting for the monetary aspect, in such a way as to justify the convenience of
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the proposed systems from both energetic and economical points of view. Special attention
was paid to assessing the convenience of the proposed solutions and a detailed analysis was
developed to estimate the savings achievable. Moreover, one of the key concerns of
nationwide TLC companies, such as Telecom Italia, i.e. the impact of central offices
climatic zone on cooling-related energy consumption, was accounted for when comparing
geothermal heat pumps to conventional cooling systems.
The above evaluations were performed by means of a simplified modeling framework,
developed in such a way as to enable proper evaluation of energy savings attainable by each
innovative cooling system, while ensuring its correct sizing with respect to nominal power
demand. As a consequence, off-design operating conditions were neglected in the presented
analysis, thus complying with the main objectives of this work, as outlined in the abstract.
Indeed, energy savings were evaluated with respect to the reference benchmarks, here
represented by conventional air-water heat pump and, in case of trigeneration systems, also
by regular interaction with the grid (i.e. TLC plant only receives). A relevant aspect, which
adds originality to the proposed model-based analysis, lies in the fact that the comparison
between geothermal and traditional air-water heat pumps also accounts for the dependence
of cooling performance on outside temperature.
The paper is structured as follows. In section 2, the different cooling systems under
investigation are introduced and their main features are presented and discussed. Section 3
describes how the models were built and what hypotheses were assumed to limit the
number of scenarios to be analyzed as much as possible, with the final aim of performing a
preliminary macroscopic assessment of the most promising solutions. Then, section 4
presents all the results gathered by deploying the above-mentioned models and hypotheses.
Finally, the concluding remarks are given to wrap-up main outcomes, thus providing useful
reference for subsequent design and final implementation of the best candidate solutions.
2. Notation
The notation used throughout the paper is stated below.
ASHP
COPhp
COPsys
COPabs
CEP
CP
GHP
GSHP
IC
ICE
Lc
Lfan
Lp
MC
OC
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Air Source heat pump
Heat pump coefficient of
performance
Whole system coefficient of
performance
Absorber coefficient of
performance
Cooling energy produced
Cooling power
Geothermal heat pump
Ground source heat pump
Investment costs, (€)
Internal Combustion Engine
Compression power, (W)
Fan power, (W)
Pumping power, (W)
Maintenance costs, (€)
Operating costs, (€)

Qev
Qco

Evaporator heat rate, (W)
Condenser heat rate, (W)

Pc_trig

Trigenerator cooling power produced, (W)

Pc_require Cooling power required by TLC plant, (W)
d

Tair
TCO
nyear
ηstorage
ηt
ηel
ηpower
Φ
Qev
Qco
Pc_trig

Temperature of the external air, (°C)
Total Cost of Ownership
Number of years considered
Efficiency of the storage unit
Thermal efficiency
Electrical efficiency
Mechanical efficiency
Electrical to thermal efficiency ratio
Evaporator heat rate, (W)
Condenser heat rate, (W)
Trigenerator cooling power produced, (W)
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3. Systems description
3.1. Traditional systems (ASHP)
As reference system, it was assumed a traditional air-water heat pump, whose
representative scheme is shown in Fig.1.

[Figure-1: Traditional air-water heat pump for cooling applications]

3.2. Geothermal heat pumps (GHP)
Common applications are both open- and closed-loop systems. In this analysis, the latter
were considered (see Fig. 2), focusing the attention on the vertical borehole heat exchangers
[6]. For such a system, given the usual depths, it is possible to consider the ground as a
source at constant temperature throughout the year [7]. As a consequence of such
hypothesis, GHPs exhibit performance indexes much higher than traditional systems,
wherefore their widespread application.
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[Figure-2: Geothermal heat pump with vertical borehole heat exchangers]

3.3. Trigeneration systems
Trigeneration represents an energy-efficient solution, as it allows the production of
electricity, heating and cooling from a single energy source.
Considering that the behavior and performance are highly dependent on the prime
mover, the following were taken into account: 1) Steam turbines; 2) Gas turbines; 3)
Microturbines; 4) Internal combustion engines; 5) Fuel cells (specifically in this study Solid
Oxide Fuel Cell technology was considered). For all trigeneration systems the following
assumptions were introduced: i) natural gas fueled; equipped with ii) an 80% efficient
thermal storage unit [8] and iii) an absorption system having COP equal to 0.7 [9].

704

J. Electrical Systems 12-4 (2016): 701-715

[Figure-3: Trigeneration system]

4. Data analysis and proposed methodologies
First, two considerations were made prior to proceed with selecting the most suitable
modeling approach and related simplifying hypotheses:
1. Concerning winter, because of the low outside temperature, the TLC room
temperature is mainly controlled via free cooling [10].
2. With regard to summer, the increased cooling request gives rise to higher operating
costs.
Owing to the above-mentioned assumptions, the summer was assumed as the only
operating period for the plant. To support the acceptability of the above simplification, Fig.
4 shows the energy consumption, for a typical telecommunication plant, at varying external
temperature. It is worth mentioning here that all TLC related data, all provided by Telecom
Italia [11], are normalized for sake of confidentialities in all concerned paper figures.
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[Figure-4: Normalized energetic consumption at varying external temperature. Data referred to a
typical central Office]

The following sub-sections provide details on models and hypotheses assumed to
perform preliminary assessment of the investment and operating costs, according to each
cooling system.
4.1. Traditional systems (ASHP)
The investment costs of traditional systems are evaluated according to a very simple
model, here corresponding to the curve illustrated in Fig. 5.

[Figure-5: Variation of ASHP investment costs as a function of nominal cooling power]

Operating costs are strictly related to system performance, which in case of ASHPs
deployed for cooling purposes are expressed as follows:
(1)
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(2)
Aiming at the evaluation of temperature effect on the above performance indexes, the
following relationship was adopted [12]:
(3)
Besides, in accordance with the indications provided by Karabacak et al. [13], the
system COP (i.e. including all energy adsorptions, as shown in eq. 2) can be safely
estimated as:
(4)
Upon knowledge of average daily temperatures in different locations1 (i.e. the Italian
provinces), equations (3) and (4) enable simple evaluation of the performance indexes
therein defined. This will in turn allows estimating via eq. (2) the total energy consumption
on a daily base.
4.2. Geothermal heat pumps
GHP investment costs are evaluated according to the below listed data:
• Chiller: 350-500 €/kWf
• Vertical probes: 20-40 €/mdepth
• Auxiliaries: 10-20% of vertical probes cost
• Ground response test: 4000-5000 €
• Technical costs: 5% of the overall plant cost
As for the evaluation of GHP energy performance, it is well known that at 20 m depth
the soil temperature stabilizes around a constant value, thus causing GHP COP to be
substantially independent from the outside temperature. Since a previous study [14]
indicated that the adoption of a GHP may potentially result in a 38% reduction of electric
energy consumption, the following relationship can be introduced:
(5)
Setting the reference outside temperature Tair to 30°C2 and extending equation (4)
validity to GHP, equation (6) is derived:
(6)

1

According to the hypothesis of considering just the summer season, the collected data refer to
the period 01/06 – 30/09 in 2012 and 2013. Source: www.ilmeteo.it.
2
The choice of quite a high value for the reference temperature was performed to keep a
conservative position with respect to the GHP.
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The determination of the operating costs can be simply performed using equation (6),
once the refrigeration power required by the plant has been assigned. GHP systems
analyzed here are assumed to have thermal load in the range 100 kW ÷1 MW3.
4.3. Trigeneration systems
The investment costs of a trigeneration system mainly depend on the prime mover [15]
and the refrigeration power provided by the absorption system. The operating costs’
evaluation is based on the performance indexes knowledge. In particular, each system is
characterized by different values of electrical and thermal efficiency (refer to Table 1), as
addressed by Fahad A. Al-Sulaiman et al. [15].
Table 1 - Electrical efficiency and electrical to thermal efficiency ratio for different prime movers.
ICE
Steam
Gas turbines Microturbines Fuel cells
turbines
η electrical
0.31
0.27
0.29
0.26
0.40
Φ
0.70
0.50
0.67
0.60
1.45

Therefore, proper systems sizing must be accomplished as a function of above
performance parameters, nominal cooling power demand and, last but not the least, of the
specific sizing criterion. Specifically, in this work, system sizing (i.e. determining nominal
electric and thermal power provided by selected trigeneration system) is performed
according to the following two sizing criteria:
• Production
The extra-produced electricity4 , if any, is here sold back to the grid and thus the system
sizing is performed according to Fig. 6 (i.e. starting from the required cooling power and
then proceeding backwards to obtain the fuel consumption and the generated electric
power).

[Figure-6: Flow-diagram describing the procedure adopted to size a “production” trigeneration
system]

• Self-production
The system is designed in such a way that the generated electricity coincides with the
TLC facilities’ power demand, which actually sets an upper bound on the electrical power.
3

The results achieved in the study are related to this power range, but the general way of
proceeding would remain unchanged in different cases.
4
Referring to the amount of electricity exceeding the need of the TLC plant.
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Depending upon the selected trigeneration system, this sizing criterion may result in an
insufficient cooling power supply: in those instances, an ASHP is introduced to compensate
for the mismatch between produced and required cooling power (see Fig.7).

[Figure-7: Flow-chart describing the procedure adopted to size a “self-production” trigeneration
system]

Fig. 8 provides schematic indications on how to estimate savings in the two cases.
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[Figure-8: Schematic description of the procedures adopted for savings evaluation]

It is worth noting that the savings achievable in the self-production case are generally
lower, because there is no chance to have revenues from the sale of electricity. On the plus
side, investment costs are reduced.
5. Results
In order to provide useful references for innovative cooling system selection, two
different scenarios were analyzed:
• Cooling power demand = 1 MW
In this case, the systems considered5 were ASHP, GHP, Steam turbines, Gas turbines,
Internal combustion engines (ICE).
• Cooling power demand= 100 kW
In this case, the systems considered5 were ASHP, GHP, Micro turbines, Fuel cells,
Internal combustion engines (ICE).
5.1. Comparison between GHP and ASHP: the effect of air temperature
To emphasize how the GHP-related benefits may vary according to the outside
temperature, the Italian territory was divided into 5 climatic zones according to the savings
achievable within four months (i.e. from June to September) of plant activity, as shown in
Table 2.

5

Each system can operate in a certain power range; therefore, the screening is made according to
the required cooling power.
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Table 2 - Savings achievable replacing ASHP by GHP, depending on the climatic zone. Results refer
to a cooling power of 1 MW and to a 4 months period.
Min saving

Max saving

Min Temperature

Max Temperature

30000 €
34000 €
38000 €
42000 €
46000 €

34000 €
38000 €
42000 €
46000 €
50000 €

22.1 °C
23.8 °C
25.3 °C
26.7 °C
28.7 °C

23.7 °C
25.2 °C
26.6 °C
28.6 °C
30 °C

The outcome of this analysis (see Fig. 9) confirms the convenience of operating a GHP
in warmer climates.

[Figure-9: Savings achievable according to the climatic conditions of summer 2012 (left) and 2013
(right). From the darkest to the lightest colors results are to be read according to the ascending order
of Table 2]

5.2. Comparison among Trigeneration systems, GHP and ASHP
In this section the air temperature effect on ASHP performance was neglected for the
sake of simplicity; thus an average COP value was assumed. The results, resumed in Fig.
10 and Fig. 11, show the trade-off between savings and investment costs for each
technology.
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[Figure-10: Comparison among the systems. Production case]

[Figure-11: Comparison among the systems. Self-production case]

By looking at Fig. 10 and Fig. 11, an outstanding reduction in both the investment costs
and the savings is detectable in the self-production case, in conjunction with trigenerator
downsizing.
Moreover, to enhance results readability, the total cost of ownership was introduced and
evaluated as follows:
(7)

712

J. Electrical Systems 12-4 (2016): 701-715

The above-defined parameter decreases over time, tending to the ratio between the
operating costs (including maintenance costs6 ) and the cooling energy produced. Hence, it
proves to be an excellent index to correctly estimate systems profitability over time.
Eventually, the lower the TCO, the more convenient the solution. The values of TCO7 for
the different cases are shown in Table 3 throughout Table 6.
Table 3 - TCO values: case production 100 kW.
TCO [€/kWhf]
10 years
0.055
ASHP
0.073
GHP
0.101
ICE
0.172
Microturbines
0.642
Fuel Cells

20 years
0.050
0.053
0.044
0.095
0.283

30 years
0.047
0.046
0.025
0.069
0.164

Table 4 - TCO values: case production 1 MW.
TCO [€/kWhf]
10 years
0.049
ASHP
0.072
GHP
0.049
Steam turbines
0.069
Gas turbines
0.093
ICE

20 years
0.046
0.052
0.029
0.032
0.039

30 years
0.045
0.046
0.022
0.020
0.022

Table 5 - TCO values: case self-production 100 kW.
TCO [€/kWhf]
10 years
0.055
ASHP
0.073
GHP
0.086
ICE
0.177
Microturbines
0.257
Fuel Cells

20 years
0.050
0.053
0.035
0.098
0.100

30 years
0.047
0.046
0.018
0.072
0.049

Table 6 - TCO values: case self-production 1 MW.
TCO [€/kWhf]
10 years
0.049
ASHP
0.072
GHP
0.059
Steam turbines
0.062
Gas turbines
0.077
ICE

20 years
0.046
0.052
0.035
0.028
0.030

30 years
0.045
0.046
0.027
0.016
0.014

TCO values are meaningful and can provide much information. For instance, a rough
estimation of the differential profits can be obtained by considering the difference between
the ASHP’s TCO and the one of the proposed technology (PT):
(8)
6

The annual maintenance costs are estimated as 2% of the investment costs. Therefore, on a 4
months base, they constitute 0.67% of the investment cost.
7
In order to comply with the calculations made for the savings, the TCO values are estimated on
a 4 months base.
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Noticing that maintenance and operating costs are increasing as time passes by, as well
as the cooling energy produced, it is then possible to estimate the differential profits as a
function of time:
(9)

[Figure-12: Profits calculation. Production case 1MW]

Figure 12 displays the results of equation (9) for one case under analysis giving an
estimate of the profits associated to each solution. This is a further instrument that can be
used to carefully evaluate the trade-off between investment and operating costs, as it gives
the opportunity to consider the inherent time dependency of the problem. It is worthy of
note that the profits obtained via equation (9) would be even higher in case the plant is not
used only during summer as assumed in this study; however, the influence of the savings in
the cold seasons would be much less compared to the warm periods of the year.
6. Conclusions
This work analyzed the potential, in terms of savings achievable, of introducing
trigeneration systems and ground source heat pumps in telecommunication data centers and
central offices for cooling purposes. A number of hypotheses and literature-based
determination of key TLC operating conditions and equipment specifications were
introduced. Particularly, such an approach led to develop a flexible and easy to apply
modeling tool for preliminary techno-economical assessment of innovative and
environmentally-friendly solutions to be introduced for TLC cooling.
The scenario analyses carried out in the present study highlighted how the savings
allowed by trigeneration are much greater than those achievable via GHP, both in the case
of low and high cooling power demand. On the other hand, investment costs increase with
trigeneration systems, especially when the production sizing criterion is adopted. From the
analysis of the four cases considered (low and high installed power, production and selfproduction) it particularly emerged, for low power applications, how adopting internal
combustion engines as prime movers of a trigeneration system (see Table 3 and Table 5)
would be the best solution. Moreover, GHP technology represents an interesting solution
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due to the low investment costs (see Fig. 10 and Fig. 11). On the other hand, in case of high
power applications GHP becomes much less interesting, because of the relatively high
investment costs as compared to the higher energy saving potential offered by trigeneration
systems. Moreover, it was highlighted (see e.g. Table 4) how challenging was the
comparative assessment of the different trigeneration systems, owing to the very good
balance between investment and operating costs.
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