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Abstract 
The objective of this work is to assess the technical and financial viability of integrating renewable energy 

sources (RES) in a small industrial facility. The case study considered is an equipment of Air Liquide 

implemented on a metallurgical industry. This equipment is an advanced product supply approach 

(APSA) that is used to produce nitrogen. The production of nitrogen needs large amounts of power that 

is currently supplied by the national grid. Firstly, an analysis of the current energy consumption of the 

facility is carried out, followed by an assessment of the more suitable RES technologies and an 

estimation of local RES potential. There are currently many energy planning tools that are used to assess 

the integration of RES in several sectors. However, none of the energy planning tools available are 

suitable to carry out this study. Hence, a new tool was developed. The objective of this tool is to provide 

the technical and financial analysis of the implementation of RES in APSAs implemented in several 

types of industries throughout the world. This tool considers wind and solar power, the use of waste heat 

through an Organic Rankine Cycle, fuel cells and batteries as energy storage technologies. The results 

show that the implementation of RES, namely wind power and waste thermal energy, is economically 

viable, but storage technologies are not because the cost of the power from the grid is not sufficiently 

high.  
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1. Introduction 
Due to the economic and technological developments over the last decades, the demand on energy 

consumption has been increasing a lot. Not only the past shows a growth on the world energy demand 

but also the International Energy Agency predictions show that the demand will continue increasing at 

least until 2040. [1] 

Nowadays, the non-renewable energy sources are the most used to produce electrical energy, 

generating more than 80% of the electrical energy used worldwide. The non-renewable energy sources 

are efficient and can produce large amounts of energy, even in small systems, when compared to other 

types of energy sources and are also, usually, more interesting from an economical point of view. 

However, there are many drawbacks related to the use of non-renewable energy sources such as; the 

finite reserves of coal, natural gas and oil and the fact that they are sometimes located in inhospitable 

places; the safety issues involved to their use, since some of them are highly inflammable, and the 

greenhouse gases (GHG) emissions involved with the energy production. [1] 

The renewable energy sources (RES) have a big potential because they are available in nature in large 

quantities, so they will not finish like the conventional sources. In addition, renewable energy sources 

have zero greenhouse gas emission. The renewable energy sources can also be interesting from the 

economical point of view. Each situation has to be studied because the time that it takes to return the 

investments is highly dependent on the situation and its characteristics, such as the grid energy price 

and the amount of renewable energy available, such as solar exposure and wind speed. The cost 

reduction is still one of the most crucial points for the renewable energy development. 

Each time renewable energy sources are considered for implementation a study has to be made in order 

to assess which renewable energy sources are suited for each case and if investment it is worthwhile. 

There are multiple factors to consider from the energy demand, considered technologies, the available 

space for RES implementation, the weather on the location where the renewable systems will be 
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implemented. Since the amount of information to correlate is big the use of a RES assessment tool is 

the best approach. Currently, there are some energy planning tools that enable predictions and 

simulations based on inputted data for the case study which will be reviewed to find if they are suitable 

for the current case study.  

The case study to be analyzed is an Advanced Product Supply Approach (APSA), which is a system 

that is feed by electrical energy and air in order to isolate nitrogen to be used by the Air Liquids client. 

This type of system is usually implemented on the industrial sector. These sectors commonly have low 

temperature waste heat, which can be used to produce electric energy through Organic Rankine Cycle 

(ORC) technologies. 

2. Case Study 
 

Air Liquide is a French multinational company present in 80 countries. Air Liquide works on four business 

lines within the gas industry, namely production, pipeline transport, tanker trailers transport and gas 

packing. The company works with many different types of clients of different sectors such as chemical, 

refining, energy and metal industry.  

The case study is an Air Liquide ‘s client, a metallurgical industry, that has an APSA providing the 

demanded nitrogen. The APSAs are onsite stations that isolate nitrogen using electrical energy, 

currently feed by the grid. The APSA installation has the following main components presented on Figure 

1. The main energy consumer is the APSAs’ compressor, which demands approximately 95% of the 

energy feed to the APSA. 

 
Figure 1 – APSA typical installation [2] 

The APSAs can work on a wide range of its production capacity and feeds the nitrogen directly to the 

client. The nitrogen cannot be stored. It is common for some clients to have a constant consumption of 

nitrogen so the APSAs are built to work continuously, ideally stopping just once a year for maintenance.  

 

The present thesis case study is an APSA implemented by Air Liquide on a Portuguese metal industry, 

Lusosider located at 38°36'46.5"N 9°04'08.0"W (Figure 2). 
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Figure 2 – Client’s location [3] 

 

This Air Liquide client uses ovens on their activity which, dissipate hot gases. Information on these hot 

gases was provided in order to include the ORC systems on the study. The hot gas data provided is 

presented on Table 1Table 1 - Waste heat data of Lusosider [4]. 

Parameters Values Units 

Cold Temperature 297 𝐾 

Pressure 100.7 𝑘𝑃𝑎 

Hot Temperature 558 𝐾 

Absolute Pressure 100.7 𝑘𝑃𝑎 

Molecular Mass 28.5 𝑔 𝑚𝑜𝑙−1 

Flow Speed 6.2 𝑚 𝑠−1 

Volume Flow Rate 7.01 𝑚3𝑠−1 

Table 1 - Waste heat data of Lusosider [4] 

The clients’ site has several areas that can be used for the implementation of the RES system. These 

areas were limited tagged and measures and are represented on figures 3 to 5. 

 
Figure 31 - Area 1 (roof) [3] 
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Figure 42 - Area 2 [3] 

 

Figure 5 - Area 3 [3] 

3. METHODOLOGY 

 

The tool considers the following RES technologies, Thermal (ORC), Solar (PV), Wind (SWT) and Fuel 

Cells (FC). Regarding the energy storage the technologies considered are the FC and electrolyzer 

system and solid state batteries (lead batteries). The tool was developed in Microsoft Excel, this prevents 

the need to install new software since it is a worldwide used software. 

To analyse the implementation of the RES systems some predictions have to be made, namely the 

energy production and the economic analysis. In order to perform these predictions a set of inputs are 

required. The energy prediction related inputs are the location and weather conditions history, areas 

available to implement renewable energy technologies, and energy demand. Regarding the economic 

analysis the inputs are the estimated lifetime of the equipment, the acquisition, operation and 

maintenance costs, and the grid energy price. The inputs related with the economic analysis are already 

pre-set on the tool with exception of the grid energy price, however they can be easily changed at any 

time.  

The energy prediction is made on an hourly basis, which means the tool calculates the expected energy 

production for each hour of the year for every technology considering installed power and the case study 

conditions. It is verified if there is overproduction or if there is energy shortage, in the case of 

overproduction the storage can be simulated if the user selected the use of energy storage and in the 

case of energy shortage there is the need of grid consumption that is also calculated by the tool. 

After calculating the yearly energy sources power output, a cost assessment is made. Technology 

implementation costs and operation and maintenance costs, for each energy sources technology which 

are already included on the tool. The tool makes a yearly cash flow considering the initial investment 

and the operation and maintenance costs depending on the installed capacity of each energy source 

technology and the annual savings regarding the RES produced energy. 

 

 

3.1. Organic Rankine Cycle 
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The ORC are usually dimensioned accordingly to the industry waste heat, being so the ORC dimension 

has to be calculated based on the case study inputs that regarding the waste heat. To obtain this result 

some assumptions have to be made but these should not have a major impact on the obtained result. 

Minimum temperatures are needed to optimize the ORC systems, in this sense the waste heat 

temperature needs to be higher than this minimum. If this is not the case the tool automatically considers 

that the ORC power output is zero. The thermal energy recovered from the hot gases depends on the 

heat exchangers, a crucial factor when ORC is considered. On this specific case, it was considered that 

the heat exchangers are able to reduce the hot gas temperature to the ORC minimum temperature 

specified by the ORC manufacturer, which is 90ºC [5]. 

Having the waste heat values already presented, the heat flux entering the ORC system can be 

calculated using equation (1). 

 𝐻𝐹 = 𝐶𝑝 × (𝑇ℎ − 𝑇𝑐) × 𝑀𝑀 × (
𝑝

𝑅 × 𝑇ℎ
) × 𝑉𝐹𝑅 (1) 

 

The energy output can be calculated with the system efficiency which is typically between 5% and 8% 

[5].The chosen value was the average, 6.5% but can be easily changed at any time. The energy output 

is the result of equation (2) 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 = 𝐻𝐹 × 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (2) 

 

3.2. Photovoltaic System 

The energy production of the PV systems depends on the solar exposure of the PV panels and on the 

installed PV capacity.  

The inputs used to calculate the power installed (PI) are the area available for the implementation of the 

PV system and the power density (PD), which is pre-set as 0.1 kW/ m2. The PI is calculated using 

equation 3 

 𝑃𝐼 = 𝑃𝐷 × 𝑎𝑟𝑒𝑎 (3) 

 

The estimated energy output (EEO) is predicted using the PI and the capacity factor (CF) which is the 

kW produced per kW installed, this capacity factor is calculated using the historical data of solar 

exposure for the past five years. The calculation of the EEO is made using equation 4 

 
𝐸𝐸𝑂 =

𝐶𝐹1 + 𝐶𝐹2 + 𝐶𝐹3 + 𝐶𝐹4 + 𝐶𝐹5

5
∗ 𝑃𝐼 

(4) 

 

3.3. Small Wind Turbines 

The data needed to estimate the power output of a SWT energy system is the wind speed, the installed 

power and the power curve of the installed turbines.  

The installed power is determined using the area available, however in the SWT case the number of 

turbines installed depends also on the wind direction, this happens because the spacing of the SWT has 

to be defined accordingly to the predominant wind direction so that the SWT performance is not affected. 

[6] Being so the number of SWT installed is determined accordingly to the figure 6. 

 
Figure 6 – SWT spacing example 4x6 
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Having the number of turbines, the average historical wind speed wind speed and the SWT power curve 

(example represented on figure 7) the hourly EEO is calculated. Since there are multiple turbine models 

already pre-set on the tool the best option is selected by the tool in order to minimize the investment per 

kWh produced. 

 

3.4. Fuel Cell System 

The user firstly has to choose if the FC is supposed to produce all of the remaining energy needed to 

supply the APSA or not and, in this case, the user must input the capacity of the FC. If the user does 

not want to consider the FC the inputted capacity should be zero, and in this way the tool will not consider 

the FC. 

Based on the previously explained methods the energy planning tool will check for each hour, the system 

energy consumption and if the ORC, PV and SWT systems combined can meet the demand. If these 

systems combined are enough the FC remains unused, although if the systems cannot achieve the 

needed energy, the fuel cell will produce the remaining energy up to its maximum capacity. 

 

3.5. Energy Storage  

For the energy storage systems only two technologies will be considered. The FC and the battery 

storage. If FC are considered as an energy source the electrolyzer should be considered if energy 

storage is wanted, since the excess energy produced by the ORC, PV and SWT systems can be used 

to isolate hydrogen, which can be later used for energy production by the FC. Otherwise the energy 

storage is made using lead batteries. If the user wants to consider energy storage one of the two energy 

storage technologies must be selected. 

Regarding the battery storage there are two options available, to store all the excess energy or to 

manually select the storage capacity. The simulation of battery energy storage follows a method. The 

hourly energy production from the ORC, PV and wind systems is estimated and an energy balance is 

performed to verify if the energy produced is greater than the consumption. If there is energy excess 

and if there is storage availability in the batteries, the energy is stored. If the battery capacity is not 

enough the tool will show the amount of excess energy produced. On opposition, if the energy production 

is lower than the consumption the tool verifies if there is energy stored in the batteries, and if there is, 

the stored energy will be used to feed the APSA. In the case that the stored energy is not enough to 

face the energy consumption, the missing energy is provided by the grid. 

If the storage method considered is the FC/electrolyzer the method is slightly different since the energy 

is stored in the form of hydrogen. If there is excess of energy production from ORC, PV and SWT 

systems and if there is enough capacity on the electrolyzer, the energy excess is used on hydrogen 

production. If the capacity of the electrolyzer is not enough to use all the excess of energy the remaining 

excess is lost.  The hydrogen produced by the electrolyzer is stored and used by the FC. The tool checks 

for every hour if there is enough hydrogen stored to meet the needs and, if there is not, the hydrogen is 

considered to come from an outside source. 

 

3.6. Cost Analysis 

 
Figure 7 - Aeolos Wind Turbine (5kW) power curve [7] 
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A cost analysis of the implementation of renewable energy sources on the APSA is also performed on 

the energy planning tool. Each technology has a different investment cost and a different cost of 

operation and maintenance. For the ORC, PV, FC, battery storage and electrolyzer, the investment cost 

(IC), fixed operational expenditure (FOPEX) considered were on the form €/kW, the variable 

operational expenditure (VOPEX) were considered on the form of €/MWh. The FOPEX are a percentage 

of the investment costs. Table 2 presents the different costs available in the tool. 

Technology Investment cost   FOPEX VOPEX Lifetime 

 €/kW % of IC €/MWh years 

ORC 6600 2.2% 0 30 

PV 1100 2.0% 0 25 

FC 15000 0% 45 3.3 

Battery 175 (€/kWh) 1.4% 0 10 

Electrolyzer  260 20.0% 0.8  

Table 2 - RES costs [8][9] 

In the case of SWT the cost calculation is different because the turbine prices per PI depend on the 

model. In this sense, it is considered that, the investment cost for each turbine is the sum of the turbine 

cost and the cost of the BOS needed for that turbine (this BOS is in fact in the form of €/kW). Adding to 

this the annual OPEX considered is 2.4% [8] of the investment cost. The typical lifetime of SWT systems 

is 22 years. 

Havin the power installed of each technology and the economical expenses related to each technology 

two cashflows are made, the total cashflow, which considers the savings if all the produced energy is 

used, and a APSA related cashflow which considers that only the energy used by the APSA is used. 

The total cashflow is to be used in the case the client can use the excess energy for other purposes, 

otherwise the APSA related cashflow should be used. The investment breakeven, which is a good 

analysis indicator, is also calculated for both cases. 

Besides the cashflow, performance indicator (PInd) representing the annual cost per energy produced 

is estimated for each technology, in order to analyse which technology has a higher impact on the costs. 

PI is calculated from equation (5), where IC is the investment cost, OPEX, LT the lifetime and EP the 

expected energy production. 

 
𝑃𝐼𝑛𝑑 =

𝐼𝐼 + 𝑂𝑃𝐸𝑋 ∗ 𝐿𝑇

𝐸𝑝 ∗ 𝐿𝑇 
 

(5) 

 

4. Results and discussion 
 

Since the tool developed does not make the sensibility analysis the study for each specific case must 

be done in an iterative way. After inputting the case study characteristics, the user has to analyse the 

output in order to understand if the RES system is over dimensioned or not. In the case the system is 

over dimensioned a reduction has to be done by reducing the areas available to install the RES sources 

or the flowrate of the heat waste gases of the industry. On this case study five different approaches were 

made in order to have three possible final configurations of the RES system. 

The first three approaches were made in order to properly dimension the RES system and the two final 

approaches were made to consider the use of energy storage. 

4.1. First and Second approach  

To make the first approach the areas available on site to implement RES system were inputted as well 

as the heat waste gas data and the weather data. The areas selected for each RES were defined based 

on the orientation of the areas and the prevailing wind direction in order to maximize the installed 

capacity of each RES. The first approach the RES annual production was approximately 778% of the 

annual energy used by the APSA and the need to consume energy from the grid was null, since the 

main objective of the RES system is to feed the APSA the system was clearly over dimensioned. In 

order to make the system reduction the performance indicator was analysed and the best RES in terms 

of €/kWh was the SWT, PV and ORC by this order. Since the PInd of the PV and ORC were very similar 

and the ORC is not intermittent the decision was to reduce the PV system and continue with the SWT 
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and the ORC on the next approach. Since the system was very over dimensioned the PV system was 

completely removed.  

Having inputted the new parameters in order to reduce the RES system capacity the energy produced 

by the RES system is still 235% which indicate the system is still over dimensioned. The decision after 

this step is to reduce the other intermittent energy source installed power which is the SWT. 

4.2. Third Approach  

After a few attempts and a simple analysis of the results it was decided to lower the area dedicated to 

the SWT to 9,600 square meters, 120m (wind direction) x 80m (perpendicular to wind direction). 

This approach result is presented on table 3 and 4 on which are also present the results of the first two 

approaches: 

 First approach Second approach Third approach 

Technology Annual energy production (MWh) 

ORC 513.61 513.61 513.61 

PV 5,917.96 0 0 

SWT 2,076.44 2,076.44 666.03 

FC 0 0 0 

Table 3 - Third Approach results I 

 

 First approach Second approach Third approach 

Annual energy production 

(MWh) 

8,508 2,590 1,179 

Annual energy used by the 

APSA (MWh) 

1,094 1,092 1,053 

Annual energy 

overproduction (MWh) 

7,414 1,497 126 

Annual energy needed 

from the grid (MWh) 

0.78 2.72 41.71 

Annual savings (€) 680,641 207,205 94,317 

Annual savings on the 

APSA (€) 

87,553 87,399 84,266 

Breakeven (years) 9 6 8 

Breakeven APSA (years) - 20 9 

Table 4 - Third Approach results II 

 

 

4.3. Fourth and fifth approach  

On the fourth approach battery storage will be added to the system considered on the third approach. 

Since the excess of energy, presented on Table  4, is 126 MWh, if it is decided to select the option to 

store all the excess energy, the storage capacity is 84,788 kWh. This capacity is very high and will have 

a big impact on the system cost. As can be seen on table 4 the energy needed from the grid over one 

year is 45.3 MWh which means that is not worth to store all the excessive energy as only about 53% of 

it would be used by the APSA. This option is clearly not suitable to this case. Being so the capacity of 

the battery system must be estimated by the user. To select the capacity of the storage system the user 

must do it iteratively, selecting the capacity, and analysing, either the impact on the cost or the status of 

the battery capacity over the time and the energy needed from the grid. For instance, in the present 

study, when the value chosen for the capacity of the storage system is 1000 kWh and analysing the 

column of the energy needed from the grid, we can verify that most of the small fluctuations of the 

renewable energy sources are covered by the storage system. Some of these fluctuations are too big to 

be covered, however selecting a capacity which make the system able to fulfil these fluctuations, will 

turn the system more expensive and most of the time a big share of the battery capacity will be unused.  
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On the fifth approach instead of the battery system the fuel cell and an electrolyzer were implemented. 

Considering that the FC capacity is enough to avoid the use of energy from the grid, which in this case 

is 70 kW, there is no need for the electrolyzer to use all the excess energy, being so the electrolyzer 

selected capacity is 5 kW. This selected capacity is significantly lower than the FC because the periods 

on which the electricity production is excessive are more than the ones where the FC need to be used, 

so if there is enough storage capacity available the electrolyzer can reduce the hydrogen importation 

without a big investment on its capacity. 

This approaches results are presented on table 5 and 6 on which are the results of every approach 

made until this point of the study: 

 First approach Second 

approach 

Third approach Fourth 

approach  

Fifth 

approach 

Technology Annual energy production (MWh) 

ORC 504.28 504.28 504.28 504.28 504.28 

PV 5,917.96 0 0 0 0 

SWT 2,076.44 2,076.44 666.08 666.08 666.08 

FC 0 0 0 0 45.32 

Table 5 – Fourth and fifth Approach results I 

 First approach Second 
approach 

Third 
approach 

Fourth 
approach 

Fifth 
approach 

Annual energy 
production (MWh) 

8,508 2,590 1,179 1,179 1,541 

Annual energy used 
by the APSA 
(MWh) 

1,094 1,092 1,053 1,095 1,134 

Annual energy 
overproduction 
(MWh) 

7,414 1,497 126 92.20 408.00 

Annual energy 
needed from the grid 
(MWh) 

0.78 2.72 41.71 8.58 0 

Annual savings (€) 680,641 207,205 94,317 94,317 123,349 

Annual savings on 
the APSA (€) 

87,553 87,399 84,266 86,996 90,708 

Breakeven (years) 9 6 8 13 16 

Breakeven APSA 
(years) 

- 20 9 14 29 

Table 6 – Fourth and fifth Approach results II 

 

From the results presented on table 5 and 6 on the fourth approach it can be seen that the annual 

savings related to the APSA cashflow increase when considering the storage, however the system cost 

increases significantly which reflects on a later breakeven of the investment. 

It can be seen in the results presented on table 5 and 6, that on the fifth approach there is no energy 

consumption from the grid, which means that this system could be stand-alone, the annual savings 

related to the APSA are greater than all of the other approaches, however since the FC/electrolyzer 

technology is still very expensive the breakeven of this approach is very high which means that this 

approach is not competitive from the economical point of view. 

 

Considering the three final approaches on this case the one that is more suitable is the third which does 

not consider storage. This is due to the fact that the grid energy price is not sufficiently high so that the 

savings related to the implementation of storage compensate the increased investment related to the 

energy storage.   

 

5.  Conclusions 
The final version of the energy planning tool developed met the objective, the consideration of different 

RES was not limited by the current status of development of the technologies, nor the price and this led 
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to the consideration of four different technologies, ORC, PV, SWT and FC. Adding to the RES, two 

different types of storage technologies were included, solid state batteries and the electrolyzer, which 

works with the FC. The tool is supposed to be used iteratively, this meaning that the user inputs the data 

and makes an analysis on the tool predictions, and then has to adjust the input data until the result will 

be acceptable or optimal for each case. The quality of the results is always subjective as it depends on 

the relevance that the user gives to each parameter. 

The different approaches made regarding the thesis case study resulted in three final possibilities of 

which the one without storage is the more suitable to this case since the grid energy price does not make 

it worth implementing storage. All of the final approaches results are within what was expected 

accordingly to the development status of the technologies, its price and the case study characteristics. 
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