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Abstract 
The paper presents research in connection with a method of evaluating different cooling plant system 
architecture. This method is of analytical nature and is to be used primarily effectively solve problems 
regarding the selection of a cooling plant system architecture. A satisfactory solution here refers to a 
solution with a lower cost of total electricity consumption. The method’s verification is presented by 
comparing two cooling plant with water cooled chillers system architecture. First of them is using 
cooling towers, while the other using dry coolers in the same mode. 

Keywords: evaluation method, energy efficiency, complex systems, product architecture, 
cooling plants 

1. Introduction 
To maintain their competitive edge and operate successfully, as well as manage the constantly increasing 
global market demands, companies now need to respond very quickly, on a daily basis, to customer 
demands which are constantly changing and growing in the 21st century (Justel et al., 2007). It may be 
said that their response to all such expectations plays a vital role in their business performance. Demands 
from customers and society in general significantly increase the growing demands for the quality, costs 
and time of delivering technical products (Hosnedl et al., 2010). In this context, the decision-making 
process is one of the most important factors in all that and it may be said that companies need to have 
an “optimal” response to the intended market dynamics. In the system architecture designing process, 
we very often see decisions to select the cheapest, sometimes the optimal alternative system solutions. 
In the overall decision-making process, evaluation of alternatives is a task very relevant to the designing 
process, which highly affects the outcome of decision-making, as well as the quality of the system 
(Zapaniotis and Dentsoras, 2011). It may be said that an effective analysis of a set of alternatives and 
searching for the best solution are an inseparable part of the design (Kroll and Weisbrod, 2015). To 
reach the target, it is sometimes necessary to take into account different priorities in selecting the best 
alternative, i.e. several different criteria. In designing processes, there is a strong need for ongoing 
evaluation of alternatives, which should be carried out using systematic, reliable and preferably 
problem-independent methods (Zapaniotis and Dentsoras, 2011). 
Industrial cooling processes very often use plants featuring water cooled chillers/heat pumps, which are 
able to frequency-manage the cooling capacity range (in particular where there are several types of 
energy-consuming devices that do not require the same amount of cooling energy in all seasons) (Hanson 
et al., 2011). In such cases, the release of heat into the environment is managed by installing cooling 
towers, a dry cooler or a combination thereof. It all depends on the operating conditions and the time of 
year such plant is intended to be used in. As regards the initial investment, cooling plants using water-
cooled water chillers/heat pumps require quite substantial investments, including the costs of required 
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energy, as well as the maintenance costs. On the other hand, their energy efficiency, usability and lifecycle 
levels are much higher (Energy Design Resources, 2010). This is why they are very interesting to study to 
people working in this area. The paper therefore considers and proposes a practical method of comparing 
(evaluating) such plants, where an energy analysis is intended to demonstrate the justifiability of using a 
particular concept by presenting how much energy is saves compared to other cooling plant concepts. 
The example provided below, intended to present the evaluation method, makes a comparison of two 
cooling plant concepts with a water cooled chillers during the winter and transitional operating modes 
in a year. Regarding the efficiency of the system and its energy consumption, we compared two concepts 
– operation in the free cooling mode with cooling towers (Option 1) and operation in free cooling mode 
with dry coolers (Option 2). 
The main design challenge in the writing of this paper was to systemically present one of the concept 
comparison methods quite often used by the authors in their work. The method itself is quite 
comprehensive and requires a substantial amount of time to find an acceptable solution. As many 
parameters used for the method were selected based on certain input assumptions and experience, quite 
a number of decisions were made relatively quickly, both as a result of the scope of necessary data and 
the experience of someone who has dealt with the method and all necessary data gathering and 
calculations it includes. The authors aimed to present their approach to solving these and other similar 
problems and perhaps thus help a practicing engineer who encounters similar problems. 
The next section briefly addresses some earlier research by the authors which this research is an 
extension of, while Section 3 describes the authors’ motivation for conducting this research. Section 4 
provides a description of the method used and Section 5 presents its verification by comparing two 
cooling plant concepts in industrial cooling processes. The results obtained are discussed and addressed 
in Section 6. As the final section of the paper, Section 7 provides a conclusion for the research presented, 
as well as the possible directions of future research. 

2. Related work 
The research presented in this paper is an extension of research presented in papers by Osman, Pervan 
and Tomaš (Osman et al., 2016). This paper presents the methodology to be used to develop cooling 
plant architectures through 4 basic iterating steps, which means that several steps must be completed to 
obtain the intended cooling plant system architecture, and is based on equipment supplied by the 
manufacturer selected by the authors in the system designing phase, namely TRANE © (TRANE, 2001). 
It is important to note that it is also applicable to other equivalent equipment supplied by other 
manufacturers. The next paper associated with this research by Osman, Pervan and Tomaš (Osman et 
al., 2017) presents the relevant approach including its steps through the product (water chiller) 
configuration phase, as well as change phases where improvements may be made based on the system’s 
efficiency, the noise levels considering the building for which the plant is being designed, and the cost 
to purchase. Of course, investor and engineering requirements may be changed and the designers may 
suggest to the investor items that may be more suitable in the system configuration phase. That paper 
aimed to present and explain in greater detail the approach to configuring one of the cooling plant (with 
air or water cooled chiller) system’s subsystems and those changes may be made to its system 
architecture and that such changes may be evaluated to obtain a satisfactory solution. 
We would also like to mention Ullman (2010), who specifies several evaluation methods relating to the 
conceptual phase of the designing process and distinguishes between two main categories. The first 
category comprises absolute methods, which means that each concept is compared against a set of 
designing requirements. In the second category, the methods are based on a relative comparison between 
concepts. In his book, Ullman very generically describes how concepts are created, including their 
generation, evaluation and the relevant decision-making (as an iterative process). All this is documented 
and discussed, and certain concepts are later detailed and then refined, approved or rejected. 
A similar paper was provided by Duda (2012), which essentially presents the entire methodology of 
creating an efficient cooling plant, as presented in earlier papers by Osman, Pervan and Tomaš (Osman et 
al., 2016, 2017), except that Duda based their decisions on the Simple Payback Method (ASHRAE, 2011) 
and the Uniform Series Present Worth Factor (USPWF) to calculate the costs of the energy to be used in 
each year of the product’s lifecycle. This paper uses a different approach – the price was calculated on the 
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basis of the energy actually used for each day and each month analysed based on the average outside air 
temperature on the basis of data actually received for several years preceding the research year. 
In general, efficiency may be said to indicate how input signals are used in the system. If the system is 
an efficient one, it is said to use its input signals correctly. If the system is an energy-efficient system 
(such as the cooling plant presented), the idea is to generate as much thermal capacity (cooling and 
heating energy) as possible to be delivered to consumers with as little (input) electricity used as possible. 
100% energy efficiency could be achieved if the system were to always produce and generate maximum 
necessary and required energy over a planned period of time. However, this is not possible to completely 
achieve due to external impacts, malfunctioning equipment and the human factor. Of course, a concept 
which is the cheapest in terms of the energy used (public water and electricity) is also taken into account. 
Each manufacturer defines a useful life for their equipment. The ratio between cost and quality and the 
estimated useful life of the product (including both the necessary replacements of certain machine 
components and the eventual replacement of the machine itself after a certain number of years) are also 
always taken into consideration in this context. Sometimes, machine replacement is a result of new 
legislation which, for example, requires the use of new coolant (Freon) in machines. Determining the 
availability of the system can be said to be quite a stochastic process because we are never able to tell 
with a particular degree of certainty that a particular system will operate at a particular time and thus 
rule out any unforeseen events such as failure or malfunction. 
The method presented in this paper is based on author’s extensive experience in designing cooling plants 
in the Republic of Croatia for the food and pharmaceutical industry. As there are quite a few similar 
companies dealing with the matters in question in our market, we found it relevant to present the 
development of this evaluation method. 

3. Motivation 
Based on the relevant literature (Energy Design Resources, 2009) and engineering experience, there are 
three factors relevant to term of the efficient cooling plant. The first one is an efficient system concept. 
The selection an appropriate system concept represents a response to the expected operating conditions. 
Efficient system components are the second relevant factors. It is necessary to select components such 
as water chillers/heat pumps, fans and electric motors that also have maximum possible efficiency as 
autonomous systems. In addition to all this, their proper setting, commissioning and operation represent 
the third relevant factor. In case of major deficiencies in any of the three factors, they will be very 
difficult to overcome in any of the other two.  
The main design challenge in the writing of this paper was to systemically present one of the concept 
comparison methods quite often used by the authors in their work. The method itself is quite 
comprehensive and requires a substantial amount of time to find an acceptable solution. As many 
parameters used for the method were selected based on certain input assumptions and experience, quite 
a number of decisions were made relatively quickly, both as a result of the scope of necessary data and 
the experience of someone who has dealt with the method and all necessary data gathering and 
calculations it includes.  
This is why the authors are motivated to present through this paper a proposal for an analytical 
evaluation method that would very effectively solve the problem of selecting the first factor – the cooling 
plant system concept. Irrespective of its complexity, the authors believe it will be helpful both to 
inexperienced designers and to designers that have dealt with the matters in question for quite a few 
years. By further applying it to subsequent similar problems, a satisfactory solution for the system may 
be found very quickly. Based on the results obtained, it is later very easy to present one’s preferences 
and, in particular, convince the investor to choose the proposed system concept option. 

4. Description of the evaluation method 
The evaluation method presented in this paper is a continuation of the research published in the Osman, 
Pervan and Tomaš (Osman et al., 2016, 2017) papers and an extension of the methodology to be used 
to develop cooling plant architectures, as described in the paper by Osman, Pervan and Tomaš (Osman 
et al., 2016). We will briefly address such methodology so that we could incorporate the method 
description therein.  
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The methodology for the development of energy efficient system architectures (this specifically refers 
to cooling plants) consists of 4 basic steps. The methodology is able to make changes to system 
architectures, i.e. its feedback loop allows it to make changes both in customer requirements (i.e. in the 
engineering requirements defined on the basis of them) and changes in the selection of plant equipment. 
It has not yet been implemented for computer use and is being implemented partly by using analytical 
methods and partly by using software (system configurators) provided by the equipment manufacturer 
and used by the authors in the course of their work. It is important to note that it also applicable to 
software provided by other manufacturers of similar (equivalent) equipment.  
The steps included in the methodology are as follows: 

1. Define the customer (investor) requirements and engineering requirements; 
2. Select each item of cooling plant equipment (Donjerković, 1996; Recknagel et al., 2012) – this 

includes several sub-steps: 
a. selection of chillers/ heat pumps;  
b. selection of cooling towers; 
c. selection of dry coolers; 
d. selection of circulation pumps on the condenser and evaporator sides of the cooling plant;  
e. dimensioning of the pipeline; and 
f. selection of armature, measuring and controlling equipment. 

3. Evaluation analysis.  

The previous paper (Osman et al., 2017) presents the Configuration and Change Management approach 
(Step 2) of the methodology is elaborated)). i.e. the selection of a chiller. This approach also aims to 
obtain an optimal solution for the system, i.e. the chiller that will provide maximum energy efficiency 
at the minimal noise level required under the industry rules depending on the type of the building and 
the location of building the cooling plant, with minimal installation dimensions and equipment weight, 
and a cost to purchase as low as possible.  
The evaluation method is associated with Step 3) of the mentioned methodology and includes the 
following steps: 

1. Gathering outside temperature data – For the analyzed months for the analysis location, for 
each day of each analyzed month and each hour of each analyzed day. Data for the Republic of 
Croatia may be obtained from the official Meteorological and Hydrological Service. To obtain 
more accurate results, it would be advisable to collect data for several years back (e.g. for up to 
5 years) for the analyzed month intended to be analyzed; 

2. Average monthly temperature calculation – The average outside temperature is calculated for 
each day of the analyzed month for a particular time interval, e.g. of 3 hours each (8 time 
intervals during the analyzed day) over several years; 

3. Defining the analyzed cooling effect – Based on the operating mode the cooling plants are 
compared against (compressor cooling or free cooling mode) and the average outside temperature 
values for each interval during the analyzed day, the cooling effects that may be provided by 
cooling plant components in the analyzed system architectures (cooling towers, dry coolers. etc.) 
are defined. It should be noted that, depending on the outside temperature, especially if we 
analyzed low outside temperatures (free cooling mode), these components will operate under 
reduced load in case of water chillers and at lower rotational speeds in case of dry coolers/cooling 
towers; 

4. Determining the average cooling effect of each system architecture – We determine the average 
cooling effect depending on the desired operating mode under analysis and for those intervals 
of a day when out system components are intended to operate for each system architecture 
analyzed; 

5. Calculating electric power for each component of the analyzed system architecture – The total 
transmitted electric power is determined for each component of the analyzed system architecture 
(such as the cooling towers, dry coolers, circulator pumps on the evaporator and condenser sides 
of the plant); 

6. Determining the average electric power for each component of the analyzed system architecture 
– The average electric power is determined for each analyzed time interval during which a 
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particular plant operating mode was analyzed based on the electric power calculated ( in the 
preceding Step 5) for each system component; 

7. Calculation of cooling water loss on the cooling towers (optional) – The losses of cooling water 
are determined for the cooling tower component for a particular time interval during the analyzed 
day; 

8. Electricity consumption calculation – Each component’s electricity consumption is determined 
according to a predefined duration of each interval and according to the estimated electrical 
power for each component of the analyzed system architecture (Step 5). The total electricity 
consumption is determined for each component for each day of the month and their sum 
determines the total electricity consumption for each analyzed month; 

9. Cooling water consumption calculation (optional) – Again, the consumption of cooling water is 
determined according to a predefined duration of each interval and according to the estimated 
cooling water losses on the cooling towers (Step 7). Consumption levels are later also 
determined for each day of the month, as well as cooling water consumption for each analyzed 
month.  

10. Total electricity price calculation – The total price of the electricity used is calculated according 
to the total consumption of electricity for each analyzed month (Step 8) and according to the 
defined unit cost of electricity. 

11. Calculation of the total price of cooling water used (optional) – According to the total 
consumption of cooling water for each analyzed month (Step 9) and the defined unit cost of such 
cooling water used, we determined the total price of cooling water used. 

12. Comparing the proposed system architectures – Based on the data concerning electricity 
consumption, the total price of the electricity used, tot total price of energy used (including 
electricity and the cooling water used), we compared the proposed system architectures both for 
each analyzed month in the relevant operating mode and in aggregate for all months in a year.  

13. Selection of the most convent option of system architecture – The more cost-effective option 
with a lower price of energy was selected based on the results obtained. To better illustrate the 
comparison between options, the factor EER (Energy Efficiency Ratio) (Saheb et al., 2006) may 
be calculated for the analyzed system architecture options both for a single day in the analyzed 
month and as the average EER for the whole analyzed month. 

The entire method is graphically presented in Figure 1 (in the form of flow chart) and the algorithm 
itself will be detailed through a case study in the next Chapter 5. 

 
Figure 1. Evaluation method presented in the form of flow chart 
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5. Case study 
The evaluation method is based on an energy analysis of energy consumption (electricity and chemically 
treated cooling water) and is presented on the example of cooling plant in pharmaceutical industry on 
the north of Croatia (town Ludbreg), during the winter and transitional plant operating modes for the 
existing and new part of the cooling plant, conducted for the purpose of comparing the two options od 
system architecture proposed and presenting energy savings. This would demonstrate the justifiability 
of using/installing dry coolers in the existing part of the cooling plant, as well as part of the option for 
the new part of the cooling plant where they would be an integral part. 
As can be seen in Figure 2 cooling plant have two main parts: condenser and evaporator side. On 
condenser side from the equipment we have cooling towers and condenser pumps, while on evaporator 
side we have evaporator circulation pumps and group of customers on the object. Chillers produce the 
required amount of cold water on evaporator side for customer needs, while on the condenser side 
through cooling towers they exchange waste heat with the environment.  
It is planned that both parts of the plant (existing and the new one) will be connected, in case that one 
of them does not work, the other one will be supply both group of consumers on both parts (plant 
redundancy). 

 
Figure 2. Schematic view of system architecture - option 1 and option 2 

Based on data received from the official Meteorological and Hydrological Service in Republic of Croatia 
for outside temperatures in the October-March period and the values of average outside temperatures 
actually measures for the months on the building concerned, the following data was created. 
Average temperatures were created for each analysed month (October, November, December, January, 
February and March), for each day and each hour, based on which the average temperatures for each 
hour in the analysed month were later obtained by analysis. 
Presented below is one of the created diagram for month January intended to present the variations in 
the average outside temperature Tv,sr,sat) for each analysed hour (Figure 3). 
We will use these created diagrams as reference values to assess the operation of the plant and they 
will help us create an algorithm for calculating energy consumption in the analysed parts of the 
cooling plant. 
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Figure 3. Diagram of ambient temperature variations for each analysed hour – month January 

5.1. Evaluation method for the existing part of the cooling plant 
For evaluation method purposes, we created an algorithm using software program Microsoft Excel, 
which allows us to calculate energy consumption and their cost (in the national currency of the Republic 
of Croatia Croatian Kuna identified as HRK) for the two options proposed. 
The options proposed are as follows: 

5.1.1. System architecture - option 1 – operation with cooling towers in the free cooling mode 

The electricity consumption calculation (according to the average outside temperature for a particular 
time interval during a day in the analysed month), Eel1 [kWh], is based on the following data: 

 Total electric power transmitted to the cooling towers NT1 [kW] – provided by the equipment 
manufacturer; 

 Total electric power transmitted to the condenser circulation pumps Npk1 [kW] – provided by the 
equipment manufacturer; and 

 Total electric power transmitted to the evaporator circulation pumps Npi1 [kW] – provided also 
by the equipment manufacturer. 

In addition, we calculated the cooling water consumption Vrv1 [m3] based on total losses of cooling water 
on the cooling towers Vuk1 [m3/h] (including losses from evaporation and losses on tower nozzles – 
provided by the equipment manufacturer). 
Based on these two energy consumption values, we proceeded to calculate total energy consumption for 
the option proposed. 
The prices of electricity for a particular interval were calculated by multiplying the known unit price of 
electricity Cel2 [HRK/kWh] (provided by an authorized electricity distributor for the town of Ludbreg) 
by total electricity consumption.  
We also calculated the total price of the cooling water used Crv, uk1 [HRK] by multiplying the unit price 
of cooling water used Crv1 [HRK/m3] by cooling water consumption. 
The total price of the energy used Cuk1 [HRK] was calculated as a sum of the total price of cooling water 
used and the total price of the electricity used Cel, uk1 [HRK]. 
We also calculated the average coefficient EERpost1 for all days, as well as the average value of such 
coefficient for the entire analysed month. 
The results by day and total consumption are presented in table form for all analysed months (October-
March). 
Figure 4 present part of the calculation for 24 h time interval through the days during month January for 
system architecture – option 1. 
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Figure 4. Example of calculation for time interval through the days (month January)  

           for system architecture – option 1 

5.1.2. System architecture - option 2 – operation with dry coolers in the free cooling mode 

For this option, we only calculated the electricity consumption Eel2 [kWh] (according to the mean outside 
temperature value for a particular time interval during a day in the analysed month). We used the 
following data: 

 Total electric power transmitted to the dry coolers NT2 [kW] – provided by the equipment 
manufacturer; 

 Total electric power transmitted to the condenser circulation pumps Npi2 [kW] – provided by the 
equipment manufacturer; and 

 Total electric power transmitted to the water cooled chiller designed for re-cooling cooled water 
Nrv2 [kW] – provided also by the equipment manufacturer. 

We also calculated the average coefficient EERpost2 for all days, as well as the average value of such 
coefficient for the entire analysed month. 
Figure 5 present part of the calculation for 24 h time interval through the days during month January for 
system architecture – option 2. 

 
Figure 5. Example of calculation for time interval through the days (month January)  

      for system architecture – option 2 
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The results for existing plant with comparison for both options of total cost of electrical energy, 
consumed cooling water and energy consumption are presented in Figure 6 for all analysed months 
(October-March). 

 
Figure 6. Comparison of evaluation method’s results for existing cooling plant 

5.2. Evaluation method for the existing part of the cooling plant 
Analogously to the above described analysis for the existing cooling plant, we conducted an energy 
analysis for the new cooling plant. 
The results for new cooling plant with comparison for both options of total cost of electrical energy, 
consumed cooling water and energy consumption are presented in Figure 7 for all analysed months 
(October-March). 

 
Figure 7. Comparison of evaluation method’s results for new cooling plant 

Figure 8 present us a comparison between system architecture 1 and 2 with final results for both, existing 
and new cooling plant. 
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Figure 8. Final results of the evaluation analysis for existing and new cooling plant 

6. Discussion and review of the results obtained 
After verifying the evaluation methods for system architecture 1 and 2 for the existing and new cooling 
plants, the paper aims to provide a brief discussion of the results obtained. For that purpose, we created 
a comparative table for the two system architecture for the existing and new cooling plants both for the 
winter period (months January, February and December) and for the transitional period (months March, 
October and November) (see Tables No.). 
The analysis and its results lead to the following conclusion. System architecture 2, proposed with dry 
coolers (both to upgrade the existing cooling plant and for the new cooling plant), is definitely cost-
effective in terms of saving energy.  
In short, it can be explained, option 2 of the cooling plant works with dry coolers, and can work even 
during low outdoor temperatures in the winter period. The system is of closed type, and with the addition 
of a coolant media such as glycol, it can work at low outside temperatures without risk of system 
freezing. In the analysis, we assumed that the system would operate in a free cooling regime at outside 
temperatures below 10 °C. By doing this, the dry cooler fans work with a reduced ratio of electric 
motors, and no cooling water is needed for supplement in cooling towers. Dry cooler are also connected 
on evaporator side of the plant, so this machines don’t need condenser circulation pumps for their 
functional work. 
The following may be said with respect to the investment: if we observe the total amount to be invested 
in dry coolers, which is approximately HRK 3,200,000, and compare this amount with the total 
differences in energy savings (for the existing and new cooling plants), which the analysis found to 
amount to HRK 590,409.82 (for one year of operation), it may be concluded that the overall investment 
will have a payback period of 5.42 years in use. 
The energy efficiency and reliability of the cooling plant also depend on the software controlling such 
a complex technical system (eg. example of TRANE’s integrated solution Chiller Plant Control (CPC) 
® managing the cooling plant’s system in case its water chillers operate on a parallel basis) (Hanson et 
al., 2011). However, the design of the automated control system was not addressed in this paper. 
The paper only presents one instance of comparing two system concepts that are often found in cooling 
systems and in the food and pharmaceutical industries. Of course, the evaluation method may also be 
used to compare other different concepts, as well as to compare several of them (3, 4 or more), depending 
on the presently analysed cooling system problem. In this instance, we focused on comparing concepts 
that should operate in the winter mode at outside temperatures below 4 °C. 
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The authors thought the electricity consumption diagrams comparing the respective energy forms and 
presenting their costs would not be as clear, understandable and readable as the summary given in these 
tables. This is why they were not included in this paper. 
At the very beginning, the authors set a restriction in the applicability of the method and noted that it 
only presented an evaluation of cooling concepts and aims to obtain the most energy-efficient system. 
The trade-off parameters are deemed included in the selected concepts for the respective plant 
subsystems (such as water coolers, cooling towers, circulation pumps, etc.). As most of the subsystems 
and components to be incorporated in the system are already known (its architecture has been 
established), we can say there are quite a number of restrictions and fixed parameters. However, if the 
method were to be extended to apply to similar systems, these parameters would be changed and 
different restrictions would be defined. Of course, it all depends on the system itself and its intended 
purpose. Most decisions concerning the selection of parameters and estimations depend on previously 
selected (from literature or based on engineering experience) parameters or parameters obtained from 
such estimations. 

7. Conclusions and directions of possible future research  
The paper presents research in connection with a method of evaluating different cooling plant concepts. 
This method is of analytical nature and is to be used primarily effectively solve problems regarding the 
selection of a cooling plant system concept. Irrespective of its complexity, the authors believe the 
method will be helpful both to inexperienced designers and to designers that have dealt with the matters 
in question for quite a few years. In future, the method may be applied to some similar problems in 
practice and may very quickly result in a satisfactory solution for the system. A satisfactory solution 
refers to a solution with a lower cost of total electricity consumption. If possible, the solution should 
also satisfy any other requirements specified by the investor.  
The greatest strength of the method proposed is in the fact that it can be constantly modified and 
supplemented with new requirements and restrictions. The method’s greatest disadvantage is in the fact 
that it is designed mostly for these types of plants (HVAC plants) and cannot be applied to other plant 
types (industrial assembly or manufacturing plants). 
The method’s verification is presented by comparing two cooling plant concepts. Concept 1 is a cooling 
plant using cooling towers in the free cooling mode and Concept 2 is a cooling plant using dry coolers 
in the same mode.  
Based on the method proposed, future research should be directed toward implementing software that 
would use input parameters and proposed similar system and subsystem models to evaluate two cooling 
plant concepts or more.  
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