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Preface 
 

The 10th International Conference on Sustainable Energy and environmental Protection – 

SEEP 2017 was organised on June 27th – 30th 2017 in Bled, Slovenia, by: 

 

• Faculty of Chemistry and Chemical Engineering, University of Maribor, 

Slovenia,  

• University of the West of Scotland, School of Engineering and  

 

The aim of SEEP2017 is to bring together the researches within the field of sustainable 

energy and environmental protection from all over the world. 

 

The contributed papers are grouped in 18 sessions in order to provide access to readers 

out of 300 contributions prepared by authors from 52 countries. 

 

We thank the distinguished plenary and keynote speakers and chairs who have kindly 

consented to participate at this conference. We are also grateful to all the authors for their 

papers and to all committee members. 

 

We believe that scientific results and professional debates shall not only be an incentive 

for development, but also for making new friendships and possible future scientific 

development projects.  

 

 

 

General chair 

Emeritus Prof. dr. Jurij Krope 
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Plenary Talk on 

Energy Footprints Reduction and Virtual Footprints Interactions 

 
JIŘÍ JAROMÍR KLEMEŠ2& PETAR SABEV VARBANOV 

 

Increasing efforts and resources have been devoted to research during environmental 

studies, including the assessment of various harmful impacts from industrial, civic, 

business, transportation and other economy activities. Environmental impacts are usually 

quantified through Life Cycle Assessment (LCA). In recent years, footprints have 

emerged as efficient and useful indicators to use within LCA. The footprint assessment 

techniques has provided a set of tools enabling the evaluation of Greenhouse Gas (GHG) 

– including CO2, emissions and the corresponding effective flows on the world scale. 

From all such indicators, the energy footprint represents the area of forest that would be 

required to absorb the GHG emissions resulting from the energy consumption required 

for a certain activity, excluding the proportion absorbed by the oceans, and the area 

occupied by hydroelectric dams and reservoirs for hydropower. 

 

An overview of the virtual GHG flow trends in the international trade, associating the 

GHG and water footprints with the consumption of goods and services is performed. 

Several important indications have been obtained: (a) There are significant GHG gaps 

between producer’s and consumer’s emissions – US and EU have high absolute net 

imports GHG budget. (b) China is an exporting country and increasingly carries a load 

of GHG emission and virtual water export associated with consumption in the relevant 

importing countries. (c) International trade can reduce global environmental pressure by 

redirecting import to products produced with lower intensity of GHG emissions and 

lower water footprints, or producing them domestically.  

 

To develop self-sufficient regions based on more efficient processes by combining 

neighbouring countries can be a promising development. A future direction should be 

focused on two main areas: (1) To provide the self-sufficient regions based on more 

efficient processes by combining production of surrounding countries. (2) To develop the 

shared mechanism and market share of virtual carbon between trading partners regionally 

and internationally.
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Plenary Talk on 

Renewable energy sources for environmental protection 
 

HAKAN SERHAD SOYHAN4 

 

Development in energy sector, technological advancements, production and consumption 

amounts in the countries and environmental awareness give shape to industry of energy. 

When the dependency is taken into account in terms of natural resources and energy, 

there are many risks for countries having no fossil energy sources. Renewable and clean 

sources of energy and optimal use of these resources minimize environmental impacts, 

produce minimum secondary wastes and are sustainable based on current and future 

economic and social societal needs. Sun is one of the main energy sources in recent years. 

Light and heat of sun are used in many ways to renewable energy. Other commonly used 

are biomass and wind energy. To be able to use these sources efficiently national energy 

and natural resources policies should be evaluated together with the global developments 

and they should be compatible with technological improvements. Strategic plans with 

regard to energy are needed more intensively and they must be in the qualification of a 

road map, taking into account the developments related to natural resources and energy, 

its specific needs and defining the sources owned by countries. In this presentation, the 

role of supply security was evaluated in term of energy policies. In this talk, new 

technologies in renewable energy production will be shown and the importance of supply 

security in strategic energy plan will be explained
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Penetration of Renewable Sources in Microgrids: Effects 

of MILP – Based Control Strategies 
 

BARTOLUCCI LORENZO, CORDINER STEFANO, MULONE VINCENZO, ROCCO VITTORIO & 

ROSSI JOAO LUIS6 

 
Abstract The rapid growth of the Distributed Generation (DG) concept has 

given technical issues regarding the integration and control within the grid 

nodes. A predictive control strategy integrating renewable and non-

renewable sources as well as energy storage within the grid, is a potential 

solution to face with the mentioned issues. The behavior of a smart building 

of 30 apartments has been considered in this work. The Hybrid Renewable 

System has been controlled by a Model Predictive Control (MPC) strategy. 

The HRS includes sub-systems for the conversion of renewable energy 

sources as well as non-renewable ones connected to the main grid. Several 

scenarios have been tested under different weather conditions and in terms 

of renewable sources penetration. Results obtained with the MPC control 

strategy have been compared with a Rule Based Control (RBC). Results 

show that the use of MPC improves the integration of the residential 

microgrid with the renewable sources connected to the grid thanks to the 

predictive system smoothing out the energy demand profile and absorbing 

the peak production from the photovoltaic and wind farms, even in the 

cases of higher penetration. 
 

Keywords: • DC MicroGrids • Model predictive control • Fuel cells • 

Distributed generation • Renewable energy source • Demand Response •
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B. Lorenzo, C. Stefano, M. Vincenzo, R. Vittorio & R. Joao Luis: Penetration of 

Renewable Sources in Microgrids: Effects of MILP – Based Control Strategies 

 

1 Introduction 

 

Fostered by environmental concerns, technological evolution and economic 

improvements, distributed energy resources (DERs) are expected to play a major role in 

the future of electrical power delivery [1].  

 

Despite the growth and the benefits of renewable systems, there are uncertainties 

regarding the stability of the grid connected to intermittent, floating, unpredictable and 

non-programmable sources of energy, especially referring to mini and micro-producers 

of energy interfacing with the grid. Moreover, the energy produced from the non-

programmable RES, normally, does not match with the local demand, limiting the overall 

penetration in the system. 

 

In such a context, control and scheduling strategies, mainly at the residential level, are 

becoming a key aspect for improving the system stability overall, and maximizing RES 

exploitation. Energy Storage System (ESS) [2, 3] seem a good solution to handle power 

peaks and fluctuations. Energy can be stored by means of different technologies, such as 

pumping hydroelectric systems [4], hydrogen technologies (electrolyzes towards gas 

storage systems) [5] or power to gas concepts [6], that unfortunately, have technical and 

economical flaws. Electrical storage systems are a feasible techno–economic solution [7] 

with excellent performance in terms of renewable energy integration [8, 9], as shown in 

a new project, led by Terna, for their integration into the Italian main electric grid [10]. 

Moreover, load shifting, Demand Side Management strategies (DSM) [11] and Demand 

Response policies (DR) have demonstrated good results to compensate for renewable 

sources fluctuations increasing their penetration [12]. In this paper two control strategies 

have been considered to analyze the mentioned effects of RES penetration into a 

microgrid system: a RBC control strategy, and an optimized one based on MPC. A case 

study of 30 residential apartments has been investigated at different levels of RES 

penetration. Both energy-based and economic aspects have been taken into account in the 

analysis of the results to compare the performance of the MPC strategy with the RBC 

one. 

 

2 Residential Microgrid 

 

The design of Microgrid power systems is a crucial and complex aspect that is highly 

affected by local weather [13, 14]. Thus, Homer® software was used to guess the sizing 

of each subsystem within the Microgrid. 

 

The MicroGrid layout here considered is based on a battery bank is connected directly to 

the DC Bus, which in turn controls the system voltage. The residential load and the power 

grid are connected to the DC Bus through an AC/DC converter and the FC and PV are 

connected to the DC bus through DC/DC converters. More details are given below 

(Figure 1). 
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Figure 1 – Schematics of the microgrid 

 

The definition of the residential load is crucial, depending on appliance technology and 

individual scheduling strategies [15-17], as well as on social factors, household 

occupation, regional culture, lifestyle, etc. [18]. 

 

Therefore, special attention was given to the definition of residential load, through the 

use of probabilistic data, in relation to the most common household appliances found, the 

probability of use and usual hours in the areas around Rome – Italy, considering lighting, 

electric boiler, electric oven, refrigerator, microwave oven, PC, TV-set, dishwasher, 

washing machine and dryer. 

 

3 Control Models 

 

3.1 Rule-based management system (RBC)  

 

The RBC strategies have been extensively investigated when dealing with microgrid 

power management for their simplicity and robustness [19], consisting in rules based on 

threshold values and pre-established operating constraints [20]. A voltage based model 

was implemented and validated against experimental data. The Rules used in the control 

model are same as [21], where more details are available. 

 

3.2 Model predictive control (MPC)  

 

The MPC strategies with MILP formulation have been tested, obtaining outstanding 

performances, in experimental microgrids in Athens [22] or in the Savona campus [23]. 

 

The results have shown a good performance and computational processing capacity of 

the proposed algorithm, and there is still room for improvement. 
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A model MPC problem can be synthesized in the form: 

 

𝑥𝑘+1 = 𝐴 ∙ 𝑥𝑘 + 𝐵 ∙ 𝑢𝑘 + 𝐵𝑑 ∙ 𝑑𝑘 + 𝐵𝑤 ∙ 𝑤𝑘  

 

𝑦𝑘 = 𝐶 ∙ 𝑥𝑘         (1) 

 

Where: yk represents the output of the system, xk is the state, uk is the control variable, dk 

is an external disturbance and wk is the uncertainty in the system.  

 

The Fuel Cell has been modeled by means of following variables: 

 

𝑃𝐹𝐶 , δon/off, δstandby, δstart up. 

 

The first is a continuous variable that represents the fuel cell output power; second, third 

and fourth are binary variables representing FC on/off status, FC stand-by operation 

mode, FC start up. For these variables, following constraints have been considered the 

limits: 
 

PFC|t – PFC|P x on/off|t  0       (2) 

 

-PFC|t + PFC|stby x on/off|t  0      (3) 

 

on/off|t + stby|t   1        (4) 

 

on/off|t + stby|t   -  startup|t - on/off|t-1 +  stby|t-1  1    (5) 
 

The first and second constraints limits the power produced by the FC within PFC|P and 

PFC|stby, when δ(on/off|t) is equal to 1 (operative mode), third equation avoid simultaneous 

operation of standby or operative modes. The last equation quantifies the number of FC 

start-ups. Subscript (t) is used to refer to current sample time, (t-1) instead is related to 

the previous sample time. 

The Grid has been modeled as shown below: 

 

δfromgrid, 𝑃fromgrid , δtogrid, 𝑃togrid,  𝑃unb+ ,  𝑃unb−    (6) 

 

The 𝛿𝑓𝑟𝑜𝑚𝑔𝑟𝑖𝑑 , 𝛿𝑡𝑜𝑔𝑟𝑖𝑑  are binary variable representing power exchange direction respect 

to the main grid. To limit the maximum power up in both directions and to avoid 

simultaneous positive and e negative power flow, the following constrains have been 

defined:  

 

Pfromgrid|t – Pfromgrid|P x fromgrid|t  0      (7) 

 

Ptogrid|t – Ptogrid|P x togrid|t  0      (8) 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), COMBINED AND HYBRID ENERGY 

SYSTEMS 

B. Lorenzo, C. Stefano, M. Vincenzo, R. Vittorio & R. Joao Luis: Penetration of 

Renewable Sources in Microgrids: Effects of MILP – Based Control Strategies 

5 

 

| |δ δ 1togrid t fromgrid t 
       (9) 

 

| | | |
, , , 0fromgrid t togrid t unb t unb t

P P P P  
     (10) 

 

|| | | |fromgrid t togrid t un gridrb t unb ef tt
P P P P P    

    (11) 

 

The last equation defines the grid exchange power profile as equal to the reference; in 

case it cannot be maintained, power in excess (Punb
+

|t, Punb
-
|t) is needed to hold the 

equivalence. These variables will be use as soft constraints [23]. 

 

As already described before, the residence complex under study has a randomly generated 

load profile, following the probability of daily use for each individual household 

appliance. 

 

For the management system based on the MPC/MILP algorithm, the appliances that 

represent the largest consumption in an Italian residence (Wash-Machine, Dryer and 

Dishwasher) have been controlled directly by the MPC algorithm; their activation has 

been controlled depending on the optimization of the algorithm. 

 

Each appliance has been modeled by means of a binary variable for each discretized 

sample plus a binary variable to represent the appliances start-up. If p is the number of 

discrete samples used to represent the appliances profile, then a vector of p+1 binary 

variables is developed to model the appliance. So, for each deferrable appliance, the 

following vector of variables is used: 
 

[v1, vi+1,…,vn, b]       (12) 

 

where n is the number of sample times used to represent the appliance consumption 

profile. 

 

The appliances controlled by the MPC, are subject to the following restrictions: 

 

1. The Appliance is activated only once a day (if used in that day); 

2. Following a logical condition, the Dryer can only be activated after the wash 

cycle ended; 

3. The number of weekly uses of an appliance is strictly the probability of the 

amount of use described in [24]; 

4. After an appliance is activated by the algorithm, the cycle cannot be 

interrupted; 

 

𝑃𝐷𝑖𝑠𝑐𝑟𝑒𝑡𝑖𝑧𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 , 𝛿𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 , 𝑃𝑢𝑠𝑒𝑑  
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The schedule determines the most probable instant in the timeline where the appliance can 

be turned on, and used determines on the other hand if the appliance has already been 

turned on in the given time horizon. 
 

schedule = 1 and used = 0, t to t+P      (13) 

 

schedule = 0 and used = 1, t+P to t+N     (14) 
 

 
Figure 2 - Load Prediction timeline 

 

3.2.1 Forecasts 

 

The sun radiation forecast for Rome/Italy, related to the period of simulation, has been 

implemented into the MPC algorithm via data provided by CNMCA (Italian Air Force 

Meteorological Service) [25] and the real weather data, has been measured at the weather 

station of the University of Rome “Tor Vergata”.  

 

Due to the lack of real historical data for residential applications, the daily simulations of 

the load profile of a model house have been defined with a random simulator for a period 

of 4 years, subtracting from the profile generated, the curves of the house appliances 

controlled by the MPC algorithm. 

 

The procedure adopted to determine the errors is based on a simple linear regression of 

the two-data series, composed of the meteorological forecasts error at time k and at time, 

k + 1, as suggested in [26]. 

 

4 Analysis of results 

 

A case study of 30 residential apartments was investigated for three different level of 

RES penetration. Two different months were tested, in particular, January and June with 

both the RBC and MPC control strategies.  

 

The RES penetration was changed varying the number of wind turbines and PV panel. 

The details of the three simulated cases are reported in Table 1. 
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Table 1 – Details of the simulated cases 

RES 

Penetration 

N wind 

turbines 

PV 

surface 

[mm2] 

% wind 

turbines 
% PV 

Minimum – 

sim1 
7 70 5.7 7 

Medium – 

sim2 
10 100 8 10 

Maximum – 

sim3 
15 150 14.7 12 

 

Results for 1 week of each simulated case are reported in the following to show the load 

and production profile. In green is reported the power produced by PV, in red by the wind 

turbines while in blue the energy withdrawn by the grid. The solid black line shows 

instead the demand profile. It is worth to notice that the energy stored in the battery is not 

considered in the demand profile. 

 

In general, numerical simulations highlighted a more smoothed load profile for the MPC 

control strategy related to the capability of the strategy to shift the load avoid high pick 

temporally concentrated demand.  

 

Moreover, Figure 3 shows how already for the lowest level of RES penetration in January 

the RBC control model did not allow to completely use all the energy produced by the 

RES. 

 

On contrary, the MILP control strategy, moving the load where higher RES availability 

was present allowed for a better exploitation of the overall energy produced by the non-

programmable renewable sources (Figure 4) 
 

 
Figure 3 – Simulation for the RBC-sim1 January 
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Figure 4 – Simulation for the MILP-sim1 January 

 

Similar considerations can be drawn looking at the lower RES penetration cases for 

month of June. The MILP control strategy allowed for a better distribution of the energy 

demand covering almost all the energy produced by RES while the RBC, not having load 

scheduling, was not able to cover (Figures 5 - 6). 
 

 
Figure 5 – Simulation for the RBC-sim1 June 

 

 
Figure 6 – Simulation for the MILP-sim1 June 
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Going towards higher RES penetration (Figures 7 – 10) the beneficial effects produced 

by the MPC control strategy are highlighted, the excess energy produced by RES 

increased for the RBC cases while the case controlled by means of a MILP based control 

strategy was able to move the load to reduce those excesses.  
 

 
Figure 7 – Simulation for the RBC-sim2 January 

 

 
Figure 8 – Simulation for the MILP-sim2 January 

 

 
Figure 9 – Simulation for the RBC-sim2 June 
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Figure 10 – Simulation for the MILP-sim2 June 

 

Coming to the highest RES penetration (Figures 11 – 14) more evident energy excess 

from RES are present in the simulations. The deferrable loads were not sufficient to 

absorb the non-programmable renewable energy production resulting in some excesses 

for both strategies. This is due to the high impact of such level of RES penetration on the 

residential case studied. Extending the control strategy to a higher number of apartments 

would help to mitigate these effects. 

 

Even for winter (January), where RES production is reduced, the MILP has shown a 

better performance when compared to RBC. 
 

 
Figure 11 – Simulation for the RBC-sim3 January 
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Figure 12 – Simulation for the MILP-sim3 January 

 

 
Figure 13 – Simulation for the RBC-sim3 June 

 

 
Figure 14 – Simulation for the MILP-sim3 June 

 

In this third simulation, being summer (June), the high production from the PV exceeds 

the amount of energy needed to feed the load, thus, both systems have excesses. Again, 

due to the possibility of forecasting and scheduling of the loads, the MILP presents a 

better use of the renewable resources, reducing the amount of energy that is sold to the 

network. 
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5 Conclusions 

 

This work presents the study of a complete Microgrid system, composed of 

programmable and non-programmable renewable energy sources, short and long term 

energy storage and the use of efficient control strategies for the management of 

production and consumption, until having the goal of contributing to the sustainable 

implementation of Smart Grid and Distributed Generation concepts. 

 

The RBC and MPC control strategies were compared in order to analyze different 

technical solutions to encourage the penetration of renewables in the network. 

 

• Performance increase strongly whenever a DSM, using predictive control 

logic, has been added to the system;  

• The use of a battery-coupled with DMS helps reducing fluctuations in power 

exchanged with the grid, increasing the stability from both the end-user and 

the network provider side; 

• Thanks to the management of the load in the MILP was possible to verify an 

important reduction of the peaks and linearization of the consumption from the 

grid. 

• Due to the management of the equipment was possible to move certain loads 

for periods of greater production of the renewables. 

 

The results showed that by including a DSM strategies with prediction, residential users 

can adapt their consumption profiles to a better interaction with the grid, and thus the 

residential Microgrids can act as a kind of auxiliary service, strongly favoring RES 

penetration in the grid. 

 

From the economics point of view, using electricity cost in accordance with a Peak 

Demand Charge strategy that consists in accounting a higher cost for the higher adsorbed 

power, the MILP strategy offer an advantage as well. In particular, the capability of the 

model to linearize the exchange with the grid (Figure 15) led to a reduction of cost of 

about 34-36% for the months of January and June (Figure 16). Showing how the use of 

such control strategy represents an advantage for both the provider and the consumers.  
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Figure 15 – Energy withdrawn from grid for 30 consumers, comparison between MILP 

and RBC strategies - June. 
 

 
Figure 16 – Electricity costs for 30 consumers, comparison between MILP and RBC 

strategies - June. 
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System Sizing on Performances. 
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ROSSI JOAO LUIS7 

 
Abstract In the last years, several works have been presented on the study 

of the Hybrid Power System (HPS) as effective means of increasing the 

exploitation of local renewable energy sources in the Distributed 

Generation (DG) paradigm context. This work aims at thoroughly 

analyzing the mentioned effects for two different energy demand profiles: 

an industrial facility and a residential complex of 75 apartments. A 

parametric analysis with different components sizing was done to evaluate 

the optimal solution in terms of deployment of renewable energy, resilience 

of the system and environmental impact, considering the economic 

convenience as a feasibility constraint. Results show that the two main 

drivers for the convenience of such systems are the load profile and the PV 

power plant size. The former shows higher effectiveness of the MG 

management for the residential load rather than the industrial one. The 

latter shows that the correct sizing of the PV plant is a better economic 

solution thanks to a smarter use of the battery and to a lower dependence 

on the energy exchanged with the EG. 
 

Keywords: • Hybrid System • Microgrid • Energy demand • Electric Main 
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1 Introduction 

 

According to [1], the rapid industrialization over the past three decades due to 

globalization, new technologies and increased household energy consumption of the 

urban population has resulted in an unprecedented increase of the demand for energy, and 

in particular electricity. This has led to a big supply-demand gap in the power sector. The 

scarcity of non-renewable energy resources, rising fuel prices, harmful emissions from 

the burning of fossil fuels and the need for infrastructure expansion led to an unfeasible 

or unsustainable situation to meet energy demand. As a way of offering a possible 

solution, the Decentralized Energy Planning (DEP) has become one of the main 

alternatives considered. The evolution of the DEP paradigm is directly affected by five 

main factors, as reported by the IEA [2], and namely the developments in distributed 

generation technologies, the constraints on the construction of new transmission lines, 

the increased customer demand for highly reliable electricity, the electricity market 

liberalization and the concerns about climate changes.  

 

The aim of this work is to provide a reliable design tool capable of analyzing the 

performance of a microgrid power system from several points of view. In particular, the 

effects on the Network Operator will be highlighted showing how the employment of the 

microgrids is beneficial for prosumers and providers. Both economic and technical 

aspects, as well as environmental considerations, are taken into account in the analysis of 

the results. In the first part of the work the main assumption and the parameters used for 

the evaluation of the performance are presented, and then results are discussed for the 

two case studies. 

 

2 Definition of parameters and indexes 

 

Different parameter indexes are defined to analyze the numerical results.  

 

2.1 Class Index Isize 

 

Isize is representative of the ratio of the total energy demand obtained by RES and is 

defined as follows [3]:  

 

𝐼𝑠𝑖𝑧𝑒 =
𝐸𝑙𝑜𝑎𝑑

𝐸𝑅𝐸𝑆
        (1) 

 

2.2 Self-consumption Index 

 

One of the major benefits of using a microgrid is related to the enhanced capability of 

consume locally the energy produced by RES. This gives a reduction of the transportation 

costs and losses with related positive effects on the grid management. The self-

consumption index is defined as the ratio of the energy locally consumed from RES and 

the total energy produced by RES. 
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𝐼𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  
𝐸𝑅𝐸𝑆−𝐸𝑠𝑜𝑙𝑑

𝐸𝑅𝐸𝑆
      (2) 

 

2.3 Resilience Index 

 

It is defined as a measure of the microgrid to absorb the perturbation and manage the flow 

although in adverse operating conditions. This index represents the capacity of the FC to 

cover the power peaks, resulting from the subtraction of the power consumed by the load 

and the power produced by the PV. 

 

      (3) 

 

2.4 Economic Indexes 

 

An economic analysis is crucial to assess the feasibility of hybrid systems. In the energy 

field affordability, it is based on the savings achieved thanks to efficiency improvements 

or using a more economical source of energy compared to the cost of energy withdrawn 

from the grid. The economic indexes used in this analysis were: the net present value 

(NPV) and the payback period (PBP) that are well described in literature [4]. 

 

2.4.1 Discount rate 

 

Base on the study carried out in [5] for the Building Performance Institute Europe (BPIE), 

the value of 4% was taken as the discount rate. 

 

2.4.2 PV system cost 

 

Costs are considered based exclusively on the initial investment, as maintenance costs 

over the life cycle (assumed 20 years), in this case, are almost negligible when compared 

to the initial costs. The efficiency has been considered decreasing of about 1% per year 

was considered. The initial investment amount for the installation of a photovoltaic 

system directly depends on the installed power, and thus it has been converted into a cost 

function interpolating real available data, and obtaining a logarithmic function. 

 

2.4.3 Fuel Cell cost 

 

The ageing of the fuel cell has been taken into account evaluating the equivalent time 

accounting the number of operating hours (noperation) and the number of starts in a year 

weighed by a factor k as suggested in the literature [6]. 

 

𝑛𝑒𝑞 = 𝑛𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑘𝑛𝑠𝑡𝑎𝑟𝑡𝑠      (4) 
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The total operating costs for the fuel cell are then: 

 

     (5) 

 

In Table 1 the values used in the work are reported. 
 

Table 1 – Cost parameters for the fuel cell 

C0(€/kW) Nh(h) Hi (H2) CH2(€/kg) K (h) 

3000 9500 120MJ/kg 5 3 

 

2.4.4 Battery pack cost 

 

The battery pack costs were evaluated according to the equation: 

 

      (6) 

 

The values of the parameters are reported in [7] and showed in table 2. 
 

Table 2 – Parameters used for the battery pack 

Nh ηcharge (%) ηdischarge (%) C0(€/kWh) 

2000 90 95 150 

 

2.4.5 Energy from grid cost 

 

Typical electricity costs for the Italy were used (see Table 3) [8], without incentives in 

accordance with the current legislation. 

 

Table 3 – Time zone costs for both University and Residential facilities 

Time zone University Residential 

F1 0.13 €/kWh 0.21 €/kWh 

F2 0.16 €/kWh 0.16 €/kWh 

F3 0.15 €/kWh 0.15 €/kWh 

 

The following costs have been considered related to the integration of RES and the Grid: 

 

-  Interruption costs [9]; 

-  Replacement and unbalance costs; 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), COMBINED AND HYBRID ENERGY 

SYSTEMS 

B. Lorenzo, C. Stefano, M. Vincenzo, R. Vittorio & R. Joao Luis: Hybrid Renewable 

Systems for Microgrids: Influence of System Sizing on Performances 

21 

 

-  Cycling costs [10]; 

-  Curtailment costs [11]. 

 

Based on the work presented in [12], a cost function (Figure 1) depending on the RES 

penetration has been used in the work to take into account all those aspects.  
 

 
Figure 1 – Cost function over RES penetration [8] 

 

Then the cost for the grid provider due to the presence of the RES has been evaluated 

according to the following expression: 

 

𝐶𝑔𝑟𝑖𝑑 𝑅𝐸𝑆 = 𝐶𝑖𝑛𝑡𝑒𝑟𝑟 + 𝐶𝑝𝑟𝑜𝑓𝑖𝑙𝑒       (7) 

 

where the profile costs are calculated multiplying the energy fed into the grid by the 

system times the specific cost value represented in Figure 1. 

 

2.4.7 Grid Convenience Index 

 

A grid convenience index has been defined taking as a reference the scenario without 

RES, evaluating the change in costs for the network operator due to the conversion of 

renewables with and without a microgrid system. 

 

𝐼𝑔𝑟𝑖𝑑 =  
𝐶𝑔𝑟𝑖𝑑 𝑅𝐸𝑆−𝐶𝑔𝑟𝑖𝑑 𝑅𝐸𝑆+𝑀𝐺

𝐶𝑔𝑟𝑖𝑑 𝑅𝐸𝑆
      (8) 

 

2.5 Environmental Index 

 

The avoided CO2 emissions are evaluated according to the following equation: 

 

   (9) 
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3 Case Studies 

 

Two different cases are analyzed in this work: 

 

-  an “industrial-like” facility, in particular the University Industrial Engineering 

building; 

-  a residential complex of 75 apartments. 

 

For what concerns the energy demand of the University Industrial Engineering building 

the real power profile has been considered, while the residential energy demand profile 

has been generated by means of a stochastic model. The number of apartments has been 

chosen in order to have a similar amount of the energy demand over a year, although 

quite remarkable differences of the instantaneous demand profile may arise (Figures 2-

3). 
 

 
Figure 2 – Reference load profile, Spring. 

 

 
Figure 3 – Reference load profile, Fall. 
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A sketch of the model used for the residential load generation is reported in Figure 4. 
 

 
Figure 4 – Load generation model flow chart 

 

Stochastic data have been used as input in a randomizer generating the most probable 

load profile by means of several parallel simulations, allowing for obtaining reliable 

energy demand profiles for typical residential facilities located in Rome. Energy 

consumed by common use appliances have been taken into account, such as: Lighting, 

Electric Boiler (Shower), Electric Oven, Fridge, Microwave, PC, TV, Dishwasher, Wash 

Machine and Dryer. 

 

The microgrids for the smart buildings are composed by RES, ESS, FES and grid 

connected. 

 

The system has been simulated in Matlab-Simulink environment already validated in 

previous work [13]. 

 

4 Results Discussion 

 

The numerical model has then been used to analyze the effect of the components size on 

the parameters above described for both the industrial and the residential case. Results 

are presented with respect to the FC and Battery pack sizes, using the class index as an 

independent sizing parameter. 
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4.1 Department of Industrial Engineering 

 

Figure 5 shows the energy produced by the fuel cell. It can be noticed that it grows rapidly 

at the smallest size, saturating towards the greatest values. Moreover, the effect of the 

battery becomes more evident for higher class index: in fact, a strong decrease in the 

energy produced by FC is obtained for Isize = 0.8 against the highest value of the battery 

pack, highlighting how using the storage is cheaper than using the FC. 
 

 
Figure 5 – Energy produced by FC – University case 

 

Figure 6 shows the total energy purchased from the grid: at low Isize the effect of the 

battery pack is quite negligible while at high Isize a threshold value is obtained above 

which the increasing battery capacity does not affect the energy exchanged with the grid 

remarkably. 
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Figure 6 – Energy purchased by the grid – University case 

 

Similar considerations can be drawn looking at the self-consumption index (Figure 7), 

where a saturation value is presented for the battery pack. The saturation point is clearly 

increased for the higher-class indexes values, with an evident threshold for the battery 

pack sizing. 
 

 
Figure 7 – Self-consumption index – University case 

 

In Figure 8 the resilience index is reported. The index values lower than unity represent 

a strong grid dependence which is gradually reduced (higher value of ρ) by increasing 

Fuel Cell size. The effect of the battery pack shows again a strong dependence on the 

class index.  
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Regarding the grid convenience index, a complex trend is depicted in Figure 9. The effect 

of the FC is more evident for the lower-class indexes, while for the higher value of the 

PV sizing, the effect of the battery pack dominates. 
 

 
Figure 8 – Resilience index – University case 

 

The capability of the microgrid to store the production in excess, has a positive influence 

on the grid if compared with the simple use of RES. 
 

 
Figure 9 – Grid convenience index – University case 

 

Moreover, positive effects have been obtained in terms of CO2 emissions (Figure 10).  
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Figure 10 – CO2 emissions saved – University case 

 

Similar consideration for the effect of the fuel cell use and battery sizing can be drawn, 

with savings in the range between 1000 and 13000 ton/y. 

 

The NPV analysis (Figure 11) gives negative results for all the simulated cases due to 

rather low energy costs from the provider, also thanks to the special discount obtained by 

the university facility management. However, taking into account the beneficial effect on 

the resilience of the system, on the prosumer-grid interaction and on the environmental 

index a proper incentivisation strategy could be employed in order to favor the 

penetration of the microgrid also for this kind of facilities. 
 

 
Figure 11 – NPV University case 
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4.2 Residential apartments  

 

Very similar consideration can be drawn looking at the residential case for the energy and 

environmental indexes. As an example, in Figures 12, 13 the energy purchase and the 

grid convenience index are respectively reported, highlighting how the influence of the 

component sizing gets similar to the industrial-like case. 
 

 
Figure 12 – Energy purchased from the grid – residential case 

 

 
Figure 13 Grid convenience index – residential case 

 

The residential case has thus been considered more interesting. In particular, the 

convenient economic conditions are reached for low values of the FC sizing (below 9 
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kW) and for a wide range of PV power output and Battery capacity values (Figure 14). 

The point of highest interest from the economical point of view is characterized by the 

highest-class index and medium storage capacity (960kWh). However, taking into 

account all the aspects mentioned above, different techno-economic optimal aspects can 

be found in this case. 

 

The PBP (Figure 15) ranges from 5 to 17 years, being strongly affected by the FC sizing; 

the influence of the battery pack gets less evident whenever the PV sizing is increased. 

The PV sizing presents less influence, from the economic standpoint, due to the 

logarithmic function used to define costs. 
 

 
Figure 14 – NPV Residential case 

 

 
Figure 15 – PBP Residential case 
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5 Conclusions 

 

In this paper a numerical model, previously validated, has been used as a design tool to 

analyze the performance parameters of a microgrid power system with respect to different 

aspects. In particular, the effects on the Network Operator have been highlighted showing 

how the implementation of a distributed energy conversion scenario through microgrids 

may be beneficial not only for Prosumers side, but also for providers. Economic, technical 

and environmental aspects have been all taken into account. The following synthetic 

conclusions can be supported by the results obtained: 

 

• An evident correlation between the PV sizing and battery capacity has been 

shown, along with a threshold value above which increasing the battery pack 

becomes less convenient. The threshold value changes with the PV sizing, 

becoming greater for the higher-class indexes. 

• For high values of the battery pack capacities, the influence of the FC 

decreases highlighting the better convenience of adopting the storage system 

with respect to a FC system. 

• The use of the FC system strongly impacts the resilience of the grid and if 

coupled with a high battery pack capacity gives a strong grid-independence 

from the standpoint of prosumers. 

• The economical convenience can be achieved more easily in the residential 

case, as the energy cheap costs would not allow to get positive NPV.  

• The PBP ranges between 5 and 17 years in the residential case, and thus a more 

detailed analysis would be needed to have a more accurate estimation. 

• Based on the beneficial effects for the grid provider and in terms of 

environmental aspects, ad-hoc incentive strategies can be proposed to make 

the penetration of microgrid systems easier for both the applications proposed. 
 

 

Acknowledgements 

 

The authors would like to acknowledge the master students Dario Gesualdi and Lorenzo Sileoni 

for their valuable contribution to the numerical results commented in this paper and CSF/CAPES 

(BEX-11965/13-4) – Brazilian Federal Agency for Support and Evaluation of Graduate Education 

within the Ministry of Education of Brazil.” 

 

References 

 

[1] Bajpai, Prabodh, and Vaishalee Dash. "Hybrid renewable energy systems for power 

generation in stand-alone applications: a review." Renewable and Sustainable Energy 

Reviews 16.5 (2012): 2926-2939. 

[2] IEA 2012 World Energy Outlook 

[3] G. Bruni, S. Cordiner, V. Mulone, V. Sinisi, and F. Spagnolo, "Energy management in a 

domestic microgrid by means of model predictive controllers," Energy, vol. 108, pp. 119-

131, Aug 2016. 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), COMBINED AND HYBRID ENERGY 

SYSTEMS 

B. Lorenzo, C. Stefano, M. Vincenzo, R. Vittorio & R. Joao Luis: Hybrid Renewable 

Systems for Microgrids: Influence of System Sizing on Performances 

31 

 
[4] J. Steinbach and D. Staniaszek, "Discount rates in energy system analysis Discussion 

Paper," BPIE: Berlin, Germany, 2015. 

[5] Steinbach, Jan, and Dan Staniaszek. "Discount rates in energy system analysis." (2015). 

[6] Chen, Huicui, Pucheng Pei, and Mancun Song. "Lifetime prediction and the economic 

lifetime of proton exchange membrane fuel cells." Applied Energy 142 (2015): 154-163. 

[7] M. Dürr, A. Cruden, S. Gair, and J. McDonald, "Dynamic model of a lead acid battery for 

use in a domestic fuel cell system," Journal of power Sources, vol. 161, no. 2, pp. 1400-

1411, 2006 

[8] I. Bertini, B. Di Pietra (ENEA, Technical Unit Energy Efficiency), “The Smart Grid: 

necessity or opportunity for the future structure of the national power grid,” Rome, 2013 

(in italian language). 

[9] E. Ghiani, S. Mocci and F. Pilo, "Optimal Reconfiguration of Distribution Networks 

According to the Microgrid Paradigm," 2013 

[10] NREL, "The Western Wind and Solar Integration Study Phase 2," 2013 

[11] A. S. Brouwer and al., "Impacts of large-scale Intermittent Renewable Energy Sources on 

electricity systems, and how these can be modeled," 2014 

[12] A. S. Brouwer and al., "Least-cost options for integrating intermittent renewables in low-

carbon power systems," 2015 

[13] G. Bruni, S. Cordiner, V. Mulone, Domestic distributed power generation: Effect of sizing 

and energy management strategy on the environmental efficiency of a photovoltaic-battery-

fuel cell system, Energy, Volume 77, 1 December 2014, Pages 133-143, ISSN 0360-

5442,ttp://doi.org/10.1016/j.energy.2014.05.062. 



32 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), COMBINED AND HYBRID 

ENERGY SYSTEMS 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND 

ENVIRONMENTAL PROTECTION (JUNE 27TH – 30TH, 2017, BLED, 

SLOVENIA), COMBINED AND HYBRID ENERGY SYSTEMS 

J. Krope, A.Ghani Olabi, D. Goričanec & S. Božičnik 
 

 

 

Triple Domestic Heat Recovery System: Thermal 

Modeling and Parametric Study 
 

HASSAN JABER, MAHMOUD KHALED, THIERRY LEMENAND, RABIH MURR, JALAL 

FARAJA & MOHAMAD RAMADANA 8 

 
Abstract In the last three decades, the domain of heat recovery has been 

attracting widespread interest. Indeed, it can be seen as a virtual energy 

source as much essential as renewable sources. That said, many works have 

been devoted to examine techniques to recover lost heat and optimize the 

amount of recovered heat. Among the most efficient solution is the use of 

multi-stages recovery system. The present work suggests a new multi-stage 

heat recovery system. It combines three heat recovery stages. Heating 

water, heating air for drying purposes and generating electricity. The 

concept is applied to exhaust gas of chimney. A complete thermal modeling 

is presented throughout the paper. Moreover, a case study is carried out for 

three different types of fuel (diesel, coal, wood). The results reveal that 

when diesel is used water temperature reaches 351 K and 240 W electric 

power is generated by TEG. Moreover, 0.0076kg/s of air at 363 K is 

provided for drying. 

 

Keywords: • Heat recovery • thermoelectric generators • thermoelectric 

cogeneration • dryer • thermal modelling •
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1 Introduction 

 

In the current days, reducing global energy consumption became a major interest. This 

interest is caused mainly by high cost of energy sources, high emissions of toxic gases, 

global warming and obligatory governmental laws. The main sources of energy are fossil 

fuels which are experiencing rapid increase in their cost. Besides, due to the fact that 

energy consumption is an effective parameter on the cost of industrial product, alternative 

energy has gained significant place in scientist researches in addition to maximizing the 

benefits of wasted energy. [1]. 

 

Energy recovery and renewable energy are the perfect solutions for such problems [2]. 

The concept of renewable energy relies on capturing energy from a natural renewable 

source like solar, wind, wave, etc. [3-8]. However, energy recovery deals with wasted 

energy from a facility to the environment. Recovering wasted energy increases the 

efficiency of the system and reduces pollution as well as cost of energy. This lost energy 

is mainly released by exhaust gases or cooling water. Many applications have high 

amount of wasted heat in its exhaust gases and could be recovered like steam boilers, 

engines, ovens, chimneys, furnaces, etc. [9-18]. 

 

To proceed, the present work suggests a heat recovery system that recovers exhaust gases 

thermal energy to heat domestic hot water, generate electricity and produce hot air that 

will be utilized in dryer. This system is coupled with a residential chimney in which 

exhaust gases produced from burning fuel for chimney is utilized to enter a domestic 

thermoelectric cogeneration drying system.  

 

The design of the system is illustrated in section 2. Then a complete thermal modelling 

for the system is conducted by applying energy balance at each stage of the system 

(section 3). Section 4 is devoted for a case study in which different fuels are used and 

studied, the results were compared, analysed and discussed. Finally, section 5 

summarizes main conclusion of the work is done including future work.  

 

2 Domestic thermoelectric cogeneration drying system 

 

Figure 1 shows a schematic of thermoelectric cogeneration drying system. Exhaust gases 

from the chimney pass through a pipe to enter a hybrid heat recovery system and then to 

a heat recovery heat exchanger to be released to the environment.  

 

This design differs from the conventional system by the two recovery stages: hybrid heat 

recovery system (HHRS) and heat recovery heat exchanger (HRHE). The main purpose 

of the hybrid heat recovery system is to absorb part of the thermal energy captured by the 

exhaust gases to heat domestic hot water and generate electricity. While for the heat 

recovery heat exchanger, it is utilized to transfer part of the thermal energy of the exhaust 

gases to heat air which will be transmitted to a dryer for a drying process. Part of thermal 

energy captured by exhaust gases is released to the HHRS where part of it heats water, 
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portion generates electricity, and the rest is lost with ambient. Then, another portion of 

the exhaust gases enters the HRHE where part of the remaining thermal energy on exhaust 

gases is transferred to heat air. 

 

3 System thermal Modeling 

 

In order to study the thermal behavior of the system a thermal modeling is carried at each 

stage of it. Starting from the combustion of fuel and ending with the released exhaust 

gases to environment, energy balance is performed and exhaust gases temperature is 

studied. Besides, water temperature and power generated by TEG at the hybrid heat 

recovery system are estimated. Finally, impact of changing the mass flow rate of air 

required for drying on the recovery process is analyzed.  

 

3.1 Furnace 

 

By applying the energy balance at the furnace, the thermal energy released from 

combustion process through exhaust gases is estimated as follows [19]: 

 

      (1) 

 

       (2) 

 

where Q, fm  are the flow rate (W) and the mass flow rate of fuel (kg/s). LHV is the 

lower heating value. 
 

1,1,. gasLfc QQQ 

LHVmQ ff .
•
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Figure 1. Thermoelectric cogeneration drying system. 

 

The exhaust gases heat rate is function of the quantity ( gm ) and quality ( 1,gT ) of 

exhaust gases 
 

      (3) 

 

where gm  and gCp are the mass flow rate and specific heat at constant pressure of 

exhaust gases. 1,gT  and aT  are the exhaust gases and ambient air temperatures 

respectively. 
 

3.2 Pipe 

 

By applying energy balance at the pipe shown in figure below 
 

      (4) 

 

Where 2,gasQ and 2,LQ  are the thermal energy hold by exhaust gases at the outlet of 

the pipe and the lost thermal energy with air respectively. Knowing that the exiting 

 aggggas TTCpmQ 
•

1,1, ..

2,2,1, gasLgas QQQ 
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temperature of exhaust gases from pipe is expressed by 2,gT , the exiting heat rate of 

exhaust gases is: 
 

     (5) 

 

The heat loss rate at the pipe is estimated by the following equation, where pU  is the 

overall heat transfer coefficient of the pipe and opA ,  is the outer area of the pipe. 

 

 apmoppL TTAUQ  ,,2, ..       (6) 

 

pmT ,  is the average mean temperature at the pipe which is estimated as follows: 

 

       (7) 

 

3.3 HHRS 

 

When exhaust gases get out from the pipe, they enter to the first part of the heat recovery 

process at which domestic hot water is heated and electric energy is generated using 

TEGs. At the hybrid heat recovery system, thermal energy which enters the system is 

splatted in which part of it will be transferred to the TEGs then to water and then to the 

ambient air ( sysQ ), while the other part will remain captured by the exiting exhaust gases 

( 3,gasQ ). 

 

      (8) 
 

The heat rate at the exit of the system is associated by the following equation, where 3,gT  

is the exiting temperature of exhaust gases from the system where 3,LQ , P  are the heat 

loss rate with ambient air and the power generated by TEGs. 

 

 aggggas TTCpmQ 
•

2,2, ..

2

2,1,
,

gg
pm

TT
T




3,2, gassysgas QQQ 
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     (9) 

 

       (10) 

 

where 3,LQ , P  are the heat loss rate with ambient air and the power generated by TEGs. 

At the TEG, the power produced is the difference of the thermal energies at the heat 

source and sink sides. 

 

CH QQP         

 (11) 

 

It should be noted that HQ  is equal to sysQ  and CQ is equal to 3,LQ . 

 

Since the max energy conversion efficiency of TEG is about 5%, the TEG layer is 

represented as a layer having its own thermal resistance with a constant heat flow rate 

across the system in order to simplify the calculation. In other words, since the power 

generated ( P ) is very small compared the heat transfer rate across the system ( sysQ ), 

the heat transfer rate is assumed to be constant over the system allowing to initialize the 

following equations. 
 

     (12) 

 

where sysU , sysmT ,  are the overall heat transfer coefficient of the HHRS and the average 

mean temperature at the HHRS. otA ,  is the outer area of the tank. 

 

The average mean temperature is function of the entering and exiting exhaust gases 

temperature from the system: 
 

       (13) 

 

 aggggas TTCpmQ 
•
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 3,

 asysmotsyssys
TTAUQ  ,, ..

2

3,2,
,

gg
sysm

TT
T






10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), COMBINED AND HYBRID ENERGY 

SYSTEMS 

H. Jaber, M. Khaled, T. Lemenand, R. Murr, J. Faraja & M. Ramadana: Triple Domestic 

Heat Recovery System: Thermal Modeling and Parametric Study 

39 

 

The power produced per one TEG ( TEGP1 ) is directly proportional to the square of the 

temperature difference at the TEG ( ): 
 

      (14) 

 

where 

refT

P









 2
 is the reference ratio of power generated for a specific square of 

temperature difference provided by the manufacturer. 

 

The total power produced by TEGs ( totalP ) is estimated by multiplying the power 

produced by one TEG with the number of TEGs available at the pipe ( TEGN ).  

 

       (15) 

 

3.4 Dryer 

 

After recovering the first part of energy lost at the HHRS, exhaust gases enter to the 

second part of heat recovery process in which air is heat to be used in drying process. The 

outlet air temperature and the mass flow rate of air are suggested in order to calculate the 

required heat exchange area. 

 

By applying the thermal energy balance at the heat recovery heat exchanger (HRHE) 

which is shown in figure 8, the following equations are raised: 
 

      (16) 

 

    (17) 

 

     (18) 

 

2T

2

21 . T
T

P
P

ref

TEG 











TEGTEGtotal PNP 1.

4,3, gasHRHEgas QQQ 
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•
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    (19) 

 

where HRHEQ  is the heat transfer rate to heat exchanger. 4,gasQ , HEHQ ,  and 

HECQ ,  are the sensible heat rate exiting the heat exchanger, hot and cold stream heat 

transfer rate at the heat exchanger respectively. am , 4,gT  and oaT ,  are the mass flow 

rate of air, exiting exhaust gases and air temperature from the heat exchanger. 
 

4 Case study and results 

 

Diesel, coal and wood chimney are the main types of chimneys utilized residentially. 

They are different in the shape of the furnace (coal and wood include ash drawer) and 

residues from burning. 

 

4.1 Furnace  

 

The three cases will be considered in this study in order to check the effect of changing 

the fuel used in burning on the behaviour of the double stage hybrid heat recovery system. 

Table 1 shows each type of fuel with its corresponding lower heat value and a constant 

mass flow rate of fuel for all types (1.1 kg/hr). For a 60% combustion efficiency the 

thermal energy generated by burning fuel is also shown in the table below: 
 

Table 1. Lower heat value, mass flow rate and thermal energy of fuel. 

Type of fuel LHV 

(MJ/kg) 
•

fm  

(kg/hr) 

c  
fc Q.  

(W) 

Diesel 43.41 1.1 0.6 7958 

Anthracite coal 28.74 1.1 0.6 5269 

Wood 14.52 1.1 0.6 2662 
 

The table shows that the diesel has the highest lower heating value which implies to high 

thermal energy generated and high thermal energy carried by exhaust gases. The main 

parameters utilized in the thermal modelling of the furnace are given in the following 

table.  
  

lmHEHEHECHEH TAUQQ  ..,,
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Table 2. Main parameters for furnace modelling. 

Parameter Value Unit 

Furnace surface area (Af ) Diesel Coal and 

wood 

m2 

0.13 0.18 

Convection coefficient of gases 

(hg) 

10 W/m2.K 

Specific heat of gases at constant 

pressure (Cpg) 

1140 kJ/kg.K 

Convection coefficient of air (ha) 20 W/m2.K 

Ambient air temperature (Ta) 298 K 
 

Using those parameters and the equations of the furnace the thermal energy lost with 

ambient air, and thermal energy captured by exhaust gases are estimated. Knowing that 

the mass flow rate of exhaust gases is estimated using equation 13. The main results for 

the furnace part are summarized in the following table. 
 

Table 3. Main results for furnace part 

Type of fuel 
fc Q.  

(W) 

•

mg  

(kg/hr) 

1,gT  

(K) 

1,gasQ  

(W) 

1,LQ  

(W) 

Diesel 7958 35.31 930 7066 886 

Anthracite coal  5269 15.44 1041 3632 1622 

Wood  2662 8.64 879 1603 1071 

 

It is shown that the diesel produce the highest quantity of exhaust gases (about 4 times 

what wood produce) but not the highest temperature. However, even though anthracite 

coal has the highest exhaust gases temperature but diesel exhaust gases has the highest 

thermal energy which is dependent on mass flow rate and temperature of exhaust gases. 

Since coal and wood chimneys are larger in area then the heat lost with ambient air will 

be higher than for diesel chimney. 

 

4.2 Pipe 

 

At the pipe, exhaust gases losses part of their thermal energy to ambient air. The pipe 

equivalent length is 35 cm including the elbow.  The inner and outer radii of the pipe are 
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5 cm and 5.1 cm respectively. The conduction heat transfer of the pipe which is made of 

iron is 50 W/m.K. The main results are shown in table 4. 
 

Table 4. Main results from pipe part. 

Type of fuel 
ptotalR ,  

(K/W) 

2,gT  

(K) 

2,gasQ  

(W) 

2,LQ  

(W) 

Diesel 1.355 899 6609 451 

Anthracite coal 1.355 937 3132 509 

Wood 1.355 740 1211 378 
 

4.3 HHRS 

 

As shown in the design of the HHRS the exhaust gases are in a direct contact with TEG 

surface. The main parameters of the designed hybrid heat recovery system are 

summarized in the following table. 
 

Table 5. Main parameters for HHRS thermal modelling. 

Parameter Value Unit 

Length of the system 1 m 

Inner radius of the tube 0.05 m 

Outer radius of the tube 0.051 m 

Inner radius of the tank 0.249 m 

Outer radius of the tank 0.25 m 

Area of TEG 0.003136 m2 

Thickness of TEG 5 mm 

Number of TEG available 100 Piece  

KTEG 0.18 W/m.K 

Ktu (Copper) 401 W/m.K 

Kt  (Iron) 50 W/m.K 

hw 20 W/m2.K 
 

Using the thermal modelling equation of the HHRS aforementioned above, the main 

results of the thermal behaviour of the system are summarized in table 6. 
 

Table 6. Main results obtained for the HHRS. 

Type of fuel 
3,gT  

(K) 

3,gasQ  

(W) 

sysQ  

(W) 

totalP  

(W) 

avgwT ,  

(K) 

Diesel 815 5777 832 240 351 

Anthracite coal 767 2301 831 240 351 

Wood 550 690 521 94 331 
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The hybrid heat recovery system utilized 12.5% of the energy entering the system when 

diesel is used to produce hot water and generate electricity. This used energy produced 

78 °C hot water and generated 240 W from 100 TEGs. When coal is used 26.5% of the 

entering energy is utilized producing the same water temperature and power as when 

diesel is used. While when using wood as a fed fuel of the chimney 43% of the entering 

energy is transferred to the hybrid heat recovery system producing about 58 °C hot water 

and generating 94 W electric power from TEG layer. 

 

4.4 Dryer 

 

In this part air to air heat recovery heat exchanger is utilized. There are many types of air 

to air heat exchanger that can be utilized in this system. 

 

In order to estimate the required heat transfer area of the heat exchanger the outlet air 

temperature is selected to be equal to 363 K. A range of the mass flow rate of air between 

0.0001 kg/s to 0.0076 kg/s has been considered with an increment of 0.0003. The heat 

exchanger plate is made up of copper of cross sectional area 20*5 cm. The effect of 

changing the air flow rate on the exhaust gases temperature, area and number of plates 

required is being showed below. 
 

 

Figure 2. Exiting gases temperature ( 4,gT ). 

 

From the figure above it is shown that as the mass flow rate of air is increased the outlet 

exhaust gases temperature has decreased. The Diesel exhaust gases temperature isn’t 

highly affected by the change of the air mass flow rate, it was 814 K at 0.0001 kg/s and 

decreased to 770 K at 0.0076 kg/s (decreased 44 degree). This is resulted from the high 

thermal energy captured by the entering gases. While for the coal exhaust gases, they 

experienced a 100 degree decrease in temperature while increase air flow rate. Exhaust 

gases of wood is the most affected by increasing air flow rate. For the available rate the 
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exhaust gases temperature was 547 K at 0.0001 kg/s and decreased 178 degree at 0.0076 

kg/s (369 K).  
 

 

Figure 3. Heat exchanger required area ( ). 
 

The required heat exchanger area is directly affected by changing the mass flow rate. 

However, as shown in figure 3, diesel and coal are slightly affected compared to the wood 

case. This is because of the relatively close value of the entering thermal energy of 

exhaust gases and the required thermal energy to be transfer to air. To illustrate, at a 

0.0076 kg/s the area required was 0.16, 0.19 and 1.11 m2 for diesel, coal and wood 

respectively.   
 

 

Figure 4. Number of plates required ( ). 
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The number of plates is proportional to the area, and with constant width and height (20*5 

cm) the change in the number of plate will be as the change in the area. In order of 

magnitudes, at 0.0076 Kg/s about 17 plate is required when diesel is used and 20 plates 

for coal and 112 plate when wood is used as the fed fuel of the chimney.  

 

The thermal energy of the exiting exhaust gases is in function of the gases exiting 

temperature. Figure below shows the effect of changing air flow rate on the energy 

remaining with exhaust gases. 
 

 

Figure 5. Heat rate at the outlet of the heat exchanger ( ). 
 

From figure 5, at 0.0001 kg/s flow rate of air 6.5 W are released from the exhaust gases 

to the air. However at 0.0076 kg/s air flow rate, about 500 W of the entering gases are 

released to air. The energy recovery percentages at the HRHE are summarized in the 

following table for different fuel used and different air flow rate. 

 

5 Conclusion 

 

Multistage heat recovery from exhaust gases is an attractive growing field of study which 

is capturing the interest of scientists. The present work proposes a new multistage heat 

recovery system that utilizes thermal energy released from combustion through exhaust 

gases to heat domestic water, generate electricity and heat air to supply dryer. A complete 

thermal modeling of the system was illustrated. A case study is conducted in which three 

types of fuel (diesel, coal and wood) were evaluated. Taken as whole, the results highlight 

the advantages of the system. At the furnace, significant difference of temperature is 
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observed depending on the fuel type. For instance, the exhaust gas temperature of coal is 

1041 K whereas it is equal to 879 K in the case of wood. By contrast, a mass flow rate of 

35.31 kg/hr is obtained for diesel and 8.64 kg/hr for wood. Furthermore, the system 

provides 240W when coal or diesel are used, in comparison it produces 94 W when wood 

is utilized. Interestingly, water is heated up to 351 K in the case of diesel and coal, on the 

other hand when wood is used water temperature reaches 331 K. To supply 0.0076 kg/s 

of air at 363 K for drying, the required heat exchange surface varies depending on the 

burned fuel. For instance, 0.16 m2 is needed for diesel, whereas 1.11 m2 is required for 

wood.  
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A Wind Park – Pumped Hydro Storage Plant Towards 

100% Energy Autonomy for The Island of Sifnos, Greece. 

Perspectives Created from Energy Cooperatives 
 

DIMITRIS AL. KATSAPRAKAKIS 9 

 
Abstract The article presents the technical - economic details and the 

developmental prospects of a wind park - pumped hydro storage plant 

(PHS), aiming at 100% cover of the electricity needs for the autonomous 

Aegean Sea island of Sifnos, Greece, following the initiative of the local 

Sifnos Island Cooperative to claim the island’s energy independence and a 

sustainable social and economic development for the local community. 

 

In the case of Sifnos the target of 100% annual electricity cover from 

Renewable Energy Sources (RES) can be achievable, given the high 

available wind potential and the availability of an appropriate site for the 

installation of a PHS, operating with seawater.  

 

The project’s economic feasibility can be ensured with a selling electricity 

price from the RES – storage power plant of around 0.26 €/kWh, given the 

high electricity production specific cost (above 0.30 €/kWh) of the existing 

thermal power plant. 

 

Keywords: • wind parks • seawater pumped hydro storage • hybrid power 

plants • insular remote autonomous communities’ development • energy 

cooperatives •
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1 The Existing Situation in Greece Regarding the R.E.S. Projects 

Development  

 

More than 50 remote power systems, located in insular territories, are met in Greece. 

Currently all the energy needs in the Greek islands are covered by imported fossil fuels, 

specifically heavy fuel in larger islands for electricity production and diesel oil, almost in 

all islands, for peak power production and transportation sector. Annual specific 

electricity production costs range from 0.15 €/kWh in the larger islands to 0.30 €/kWh in 

smaller ones, while in some cases of very small islands, with some tens of permanent 

population, this feature may exceed 1 €/kWh.  

 

Another fundamental characteristic of the insular territories in Greece is the rich R.E.S. 

potential, practically wind potential and solar radiation. Annual averaged wind velocities 

higher than 10 m/s are often measured in the insular territory [1, 2], while the annual 

global irradiation is recorded higher than 1,900 kWh/m2 [3, 4]. The annually available 

R.E.S. potential in the Greek insular territory outgrows the annual electric [5, 6], thermal 

and mechanical energy demand and, additionally, can be a fundamental exportable 

product, capable of becoming the locomotive lever for the recovery of the Greek national 

economy, starting from the local ones.  

 

Currently, not only the existing R.E.S. potential in the Greek islands remains unexploited, 

but, in addition, an anarchic policy has been adopted by the investors since 2009. 

According to the official records of the Regulatory of Authority of Energy (the Authority 

in charge for the licensing of the submitted R.E.S. projects applications), the total RES 

projects licensed power exceeds 30 GW, while the annual maximum power demand in 

Greece ranges around 11 GW.  

 

Another impressive point is the large number of applications and licenses for electricity 

production projects (mainly wind parks) of very large size (thousands of MWs) in the 

Greek islands [7], undertaking also the interconnection of the insular systems with the 

mainland grid through underwater cables for the transportation of the produced power. 

 

In many of the above described applications – licenses there are several violations of the 

restrictions defined in the national siting plan for the construction of electricity 

production power plants from R.E.S., aiming at the protection of either environmentally 

sensitive geographical regions, or sites with special value for the Greek history, 

civilization and development, such as historical or cultural monuments and areas with 

distinguished natural beauty and considerable contribution to the local economies 

(beaches, national parks etc).  

 

Additionally, the siting of these large scale projects in small geographical territories, such 

as the insular ones, often occupying all the available hills and mountains, certainly affects 

the existing human activities and turns the traditional insular attitude into an electricity 
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production industrial area, absolutely affecting tourism, which, in most cases, constitutes 

the local economies main pylon.  

 

Finally, in case of the exploitation of these large R.E.S. projects from a minority of 

investors, with the local communities totally absent, all the huge potential social and 

economic benefits that can be gained from R.E.S. projects in favour of the national 

economy and the local communities are simply lost [8 – 10]. 

 

2 The Case of Sifnos Energy Coop 

 

Unlike the above described situation, Sifnos Energy Cooperative (SIC) was established 

in December 2013, aiming to claim the island’s energy independence and to create the 

prerequisites for a sustainable economic and social development for the local community. 

These targets are approached with a cluster of actions, containing energy saving 

measures, especially in tourism sector, introduction of electrical vehicles and demand 

side management policies. All these measures are plugged in a wind park (WP) – Pumped 

Hydro Storage (PHS) power plant, which is envisaged to constitute the main support 

pylon for the approach of the SIC’s main targets.  

 

This article presents the basic technical and economic features of the proposed WP – PHS 

power plant and the prospects expected from its implementation. 

 

2.1 The WP-PHS operation algorithm 

 

The proposed WP-PHS aims at the 100% annual electricity production in the autonomous 

insular system of Sifnos. To approach this target, the adequate dimensioning of the WP-

PHS is achieved with the iterative execution of the computational simulation of the 

system’s annual operation, following the operating algorithm described below for every 

hourly calculation step: 

 

1. The available power production from the wind park PRES and the power demand Pd 

are introduced. 

 

2. The wind park’s maximum direct penetration PRESp is set at 15% versus the current 

power demand Pd for security reasons. Consequently: 

 

a. If PRES > 0.15·Pd, then PRESp = 0.15·Pd. 

b. If PRES ≤ 0.15·Pd, then PRESp = PRES. 

 

3. The available storage power PRESav from the hybrid plant will in any case be: 

 

PRESav = PRES – PRESp. 
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4. If Pp is the pumps total nominal power, then the potential power storage Pst will be: 

 

a. If PRESav > Pp, then Pst = Pp. 

b. If PRESav ≤ Pp, then Pst = PRESav. 

 

5. The water volume Vp that should be pumped in the upper reservoir to store the 

available power Pst for a time step duration t is (γ the specific weight of water, ΗP the 

total pumping head and ηP the pumps’ hourly overall averaged efficiency): 

 

Vp = γ·HP·Pst·t/ηp. 

 

6. The water volume Vh that should be removed from the upper reservoir so as the hydro 

turbines remaining power demand Pd – PRESp is produced by the hydro turbines for a 

time step duration t (Ηh the total water falling water head and ηh the hydro turbines’ 

hourly overall averaged efficiency): 

 

Vh = ηh·γ·Hh·(Pd-PRESp)·t. 

 

7. The remaining water volume stored in the upper reservoir after the end of the current 

time calculation step j is: 

 

Vst(j) = Vst(j-1) + Vp – Vh. 

 

8. Firstly it is checked whether the remaining volume Vst(j) exceeds the reservoir’s 

maximum storage capacity Vmax: 

 

a. If Vst(j) > Vmax, then: 

Pst = 0 

Psur = PRESav 

Vst(j) = Vst(j-1) – Vh. 

b. If Vst(j) ≤ Vmax, then:  

Psur = PRESav – Pst. 

 

when Psur the power production surplus from the wind park. 

 

9. Secondly it is checked whether the remaining volume Vst(j) becomes lower than the 

minimum water volume Vmin that can be contained in the upper reservoir: 

 

a. If Vst(j) < Vmin, then: 

Ph = 0 

Pth = Pd-PRESp 

Vst(j) = Vst(j-1) + Vp. 

b. If Vst(j) ≥ Vmin, then: 
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Ph = Pd-PRESp 

Pth = 0 

Vst(j) = Vst(j-1) + Vp – Vh. 

 

where Pth is the power production from the thermal generators in the island’s existing 

thermal power plant. The scope of the dimensioning process is to ensure that this power 

production from the thermal generators remains constantly null for every time calculation 

step. 

 

2.2 Installation site 

 

The above target is neither obvious nor easy to be achieved. Apart from the proper 

dimensioning, it depends on two basic parameters that cannot be defined or adjusted by 

the designer of the hybrid power plant: the available wind potential and the appropriate 

land morphology for the PHS installation. Just like almost all Aegean Sea islands, Sifnos 

is gifted with high wind potential and intensive land morphology is several sites, suitable 

for PHS installation. The low annual rainfall, implying not enough water for the needs of 

the WP-PHS, is compensated with the use of seawater.  

 

In the case of Sifnos, a site appropriate for the installation of both the wind park and the 

PHS was found, a fact of high importance regarding the minimization of the project’s set-

up cost. The sites exhibits excellent wind potential. Indeed after a nine-months 

measurement period (since July 2016), the averaged wind velocity was measured at 

9.8m/s, with rare gusts higher than 30m/s. Yet, the most important feature regarding the 

wind potential is that during July and August, the high power demand period, the 

averaged wind velocity was measured at 11.8 and 9.1 m/s respectively, namely there is a 

coincidence of the available wind potential with the annual peak demand period. 

 

In Figure 1, the wind rose and the Weibull distribution for the wind velocity are presented, 

based on the gathered measurements from the 10m-height wind mast, installed in the 

wind parks installation site. Additionally, a 3D wind potential map with the installation 

position of the five wind turbines is presented in Figure 2. 
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Figure 1: Wind rose and Weibull distribution, based on the wind potential 

measurements.  

 

 
Figure 2: 3D depiction of the wind turbines locations on a wind potential background. 

 

As mentioned previously, the PHS is also installed at the same site with the wind park. A 

topographic map presenting the overall system’s siting on the Greek Coordinates 

Geodetic Geographical System is given in Figure 3.  
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Figure 3: Siting of the WP-PHS. 

 

The upper reservoir of the PHS will be constructed on a ridge with a maximum absolute 

altitude of 344m. It will follow the shape of the contour of 332m on which the free level 

of the water surface when the reservoir is full will be.  

 

The maximum depth of the reservoir will reach 20m from the free maximum level of the 

reservoir, i.e. the bottom of the reservoir at the lower levels will have an absolute altitude 

of 312m. These dimensions are derived from the morphological characteristics of the area 

and the requirement for a reservoir construction at the maximum capacity possible, and 

certainly more than 1,000,000m3, taking into account the difference in altitude with sea 

level (lower tank) and the requirements for guaranteed power. 

 

The total length of the pipeline is 1,183m. The diameter of the pipes will be 2 x 1.00m 

for the water falling pipes and 2 x 1.00 for the pumping-up pipes, i.e. a double pipeline 

will be used for pumping up and a double pipeline for the hydraulic drop, in order to 

secure minimisation of hydraulic flow losses. 

 

2.3 Simulation results 

 

The simulation for the Sifnos electrical system was implemented for the year 2020. For 

this year, the annual electricity consumption in Sifnos is expected to stand at 

18,849MWh, while the annual demand peak at 6.526MW. The corresponding curve for 

the year 2020 resulted from the one of 2015, assuming annual growth of power demand 

equal to 1.55% for the years 2016-2020. 
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The final dimensioning is achieved by executing the above described operation 

algorithm, given the wind potential and the land features presented in the previous 

section. The results are presented in Table 1. 

 

Table 1. Dimensioning of the WP-PHS 

Component Size 

Wind park 5 W/T x 2.3 MW =  

11.5 MW 

Hydro plant 4 Pelton x 2.185 MW =  

8.740 MW 

Pumps station 12 units x 902.40 = 10.30 

Upper reservoir 

effective capacity  

1,063,878 m3 

Pipeline diameter 4 x 1.00 m 

 

The WP-PHS operation simulation results regarding the energy production and storage 

are presented in Table 2. As seen in Table 2, the main goal of the dimensioning, namely 

the elimination of the thermal generators’ production, is achieved. Yet, the resulted 

dimensioning has led to a considerable annual electricity surplus from the wind park. 

 

Table 2: Annual energy production and storage. 

Total energy produced from the wind park 

(MWh) 
35,856.57 

Direct energy penetration from the wind 

park (MWh) 
2,135.48 

Guaranteed energy produced from the hydro 

turbines (MWh) 
15,518.32 

Energy storage from the wind park (MWh) 23,644.30 

Energy production from the thermal 

generators (MWh) 
0.00 

PHS efficiency (%) 65.63 

Wind park energy surplus (MWh) 10,076.78 

Wind park energy surplus percentage over 

the initial production (MWh) 
29.88 

  

2.4 Economic features 

 

The set-up cost of the WP=PHS is estimated at 37,255,000€. Due to its nature, the 

investment will try to raise debt finance from the European Investment Bank. For the 

purposes herein, the loan capital is deemed to be repaid in 15 annual installments with an 

interest rate of 1.5%. Additionally, the project is anticipated to be funded by the European 
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Union fourth economic support frame. A possible funding scheme could be 5% private 

capitals, 45% bank loans and 50% state or EU subsidy. 

 

The investment’s revenues come from:  

 

• the sale of guaranteed electricity 

• the sale of guaranteed power. 

 

According to the pricing proposal for the produced guaranteed electricity and the 

availability of guaranteed power the following shall be applied: 

 

• guaranteed electricity selling price (equal to the existing production cost): 

0.2594€/kWh 

• guaranteed power selling price: 188€/kW & year. 

 

A graphic display of the annual cash flows of the investment is presented in Figure 4. 

The investment’s economic indices are calculated on the cash flows of net annual profits 

and the investment’s equities. They are presented in Table 3. The discount rate is assumed 

at 3%. 

 

 
Figure 4: Graphical display of the investment’s annual cash flows. 
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Table 3: Investment economic indices calculated on the investment’s equities. 

Net present value (€) 37,503,901.25 

Internal rate of return (%) > 100.00 

Equity repayment period (years) 0.68 

Equity discounted payback period 

(years) 

0.70 

Return on equities (R.O.E.) (%) 2,823.79 

Return on investment (R.O.I.) (%) 141.19 

Production-specific cost (€/kWh) 0.1281 

 

 
Figure 5: Sensitivity analysis graph of the discounted payback period. 

 

Finally, the sensitivity analysis graph of the discounted payback period is indicatively 

given in Figure 5, versus several design parameters. From this Figure it is seen that the 

discounted payback period remains lower than 5 years even if, for example, either the 

subsidy percentage or the electricity selling price decreases at 50% of the initially 

assumed values. 

 

3 Approaching a Feasible Development Pattern 

 

The construction and the operation of the hybrid power plant will simultaneously lead to 

a reduction of the annual expenses for the electricity production, currently afforded by 

the local network operator and to the implementation of a feasible and profitable 

investment, with an annual net income for the local Energy Cooperation of 3,000,000 €. 
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Additionally, the potential power surplus from the wind park, estimated at 10 GWh could 

be exploited in newly introduced loads, such as desalination or electrical vehicles. 

Adopting an averaged specific electricity consumption for potable water production 

through a reverse osmosis process of 4 kWh/m3, it is estimated that these 10 GWh of 

electricity surplus, once exploited in desalination units, will permit an annual potable 

water production of 2,500,000 m3. This quantity of available fresh water in a community 

of 2,500 permanent residents will create a huge potential for the development of new 

activities in the island, based on the exploitation of the locally available sources and the 

possibilities offered by the excellent local climate conditions, such as the biological 

growth of agricultural products and the implementation of pilot farms of biological 

husbandry, beekeeping etc.  

 

The introduction of these new activities in the island’s local economy will require the 

disposal of some initial capitals for the construction of the required infrastructure (e.g. 

potable water storage reservoirs, hydraulic networks, housing of the new enterprises etc). 

These capitals can be provided by the hybrid power plant’s net profits. Consequently, by 

re-investing a percentage of the annual net profits of the hybrid power plant for the 

creation of the required infrastructure, new trades and professions can be introduced in 

currently unexploited sectors, creating thus serially new occupation positions and 

strengthening the local economy by introducing additional alternative professional 

options, instead of the currently economic structure, based almost exclusively on tourism. 

 

Two more major targets of SIC are the transition from conventional transportation means 

to electrical vehicles within the next 10 years and the procurement of a ship to establish 

a regular transportation line from Sifnos to Athens, Crete and the largest neighbouring 

islands (Milos and Santorini), powered either by electrochemical batteries or fuel cells 

charged by the central WP-PHS. All these actions provide the prerequisites for a secure 

and sustainable social and economic development of the insular community, with 

infrastructure and activities based on the locally available energy sources and works with 

maximized added value. 

 

All this concept is depicted graphically in Figure 6.  

 

 
Figure 6: Energy balance between energy saving, energy production from R.E.S. and 

new loads. 
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The above fundamental development layout is anticipated by SIC to establish a pattern 

for all similar insular communities in Greece and worldwide. 
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Abstract Fuel composition fluctuation will cause the system operation to 

deviate from design condition, especially gasified biomass fuel. Therefore, 

this work elaborates the safe characteristic and load performance of an 

intermediate-temperature solid oxide fuel cell (IT-SOFC) and gas turbine 

(GT) hybrid system using gasified biomass when the composition 

fluctuates. The malfunction restrictions of components (such as fuel cell 

thermal crack, compressor surge, reformer carbon deposition) are 

considered in this research. Results show that the hybrid system has a high 

efficiency 60.78% at the design point using wood chip gas, which is an 

interesting reference for distributed power stations. The change of H2 

concentration is most influential to system output power, CO and CH4 have 

the similar influence trend. System electrical efficiency increases slightly 

with the increase of H2 concentration while decrease significantly with the 

increase of CO and CH4 concentration. The system can’t operate safely 

because the turbine is damaged easily by the too high inlet temperature 

when the H2 concentration is so high. The carbon deposition is easy to 

happen in the reformer when the range of moisture content is 0.04~0.38. 
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1 Introduction 

 

Solid oxide fuel cell and gas turbine (SOFC/GT) hybrid systems are thought to be a 

promising technology for electric power generation in the future energy markets because 

of high efficiency, low pollution, and fuel flexibility [1,2].  

 

Biomass is rich and important renewable energy and it has the characteristics of low net 

CO2 emission rate and SO2 emission rate. For this reason, biomass fuelled SOFC/GT 

hybrid systems are regarded as one of the most attractive power generation equipment 

[3,4]. 

 

For the biomass fuel, the composition and quality depend on the fuel production process 

and process control parameters used and on the type of biomass that is processed. The 

gas composition of the biomass gas has significant effect to the performance of the IT-

SOFC/GT hybrid system. The main reasons are as follows: 1) fuel cell electrochemical 

reaction is mainly affected by temperature and fuel composition, and the composition 

variation will cause a large fluctuation in fuel cell performance [5]; 2) Reforming 

reactions in reformers are reversible thermodynamic equilibrium [6], which will occur 

automatically due to the changes in fuel compositions; 3) The combined effect of the 

previous two factors can cause changes in the thermodynamic performance of other 

components, and the design and layout of hybrid systems.  

 

Meanwhile a large number of studies have showed that hybrid system may suffer from 

many S/C constraints in the operations because the H2O is essential to the CH4 reforming 

reaction and proper H2O can avoid carbon deposition. Excess water will increase the cost 

due to its pressurizing and heating, and it also lowers the SOFC efficiency by diluting the 

fuel [7]. Another important factor, the amount of water varied will make the hybrid 

system operate under different moisture environmental conditions, which leads to an 

important impact on operating characteristics of hybrid system and components (such as 

fuel cell, reformer, gas turbine). 

 

In this paper, a detailed model of the IT-SOFC/GT hybrid system was established using 

wood chip gas as fuel. The effects of variable fuel composition and water/carbon ratio on 

the performance of the hybrid system were studied. The safety performance of the hybrid 

system was analysed under the safety restrictions such as the fuel cell temperature 

gradient, the safe surge zone of the compressor and the inlet temperature of the turbine. 

The results can provide support for the design and application of biomass gas-fuelled 

hybrid power system. 
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2 IT-SOFC/GT Hybrid System Structure and Mathematical Model 

 

2.1 IT-SOFC/GT system structure 
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Fig.1. Schematic of IT-SOFC/GT hybrid system 

 

A schematic of the IT-SOFC/GT hybrid system is shown in Fig. 1, which mainly includes 

IT-SOFC, single-shaft GT, external reformer, catalytic combustor (CC), fuel compressor, 

water syringe pump, generator, and other components. The water is added for maintaining 

the ratio of steam to carbon by adjusting valve 1. To prevent seal and vibration caused by 

the pressure difference between anode and cathode in the fuel cell, biomass gas needs to 

be compressed by a fuel compressor before entering the fuel cell for electrochemical 

reaction, which is adjusted by valve 2. Air pressurized by the compressor is heated by 

heat exchangers (HE) 1 and 2, which then enters the SOFC cathode to provide O2 for 

electrochemical reaction (Eq. (1)). Water is first heated in the evaporator to be converted 

into steam and then mixed with biomass gas in the mixer. The mixed gas enters the 

reformer after being heated by HE 1. Reformed gas enters the anode to provide H2. The 

unreacted fuel from the SOFC anode will be completely combusted in the CC. High-

temperature gas enters the turbine to generate power after heating air. The exhaust gas of 

the turbine preheats fuel and air, and then heats the evaporator before being released into 

the atmosphere. 

 

2 2 2H +O H O
       (1) 

 

2.2 IT-SOFC/GT mathematical mode 

 

The mathematical model of the IT-SOFC/GT established in this study was described in 

detail in the previous literature [8-10].  

 

In this model, the anode-supported IT-SOFC (873–1073 K) developed by Aguiar [11] is 

used to fit into the hybrid system. The 2D fuel cell model includes an electrochemical 
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model and a thermodynamic model based on mass and energy balance equations. The 

fuel cell stack is assumed to have 912 planar fuel cells, providing 144 kW power.  

 

The gas turbine model is mainly composed of a centrifugal compressor and radial turbine. 

It is represented by the characteristic maps of compressor and turbine [12,13].  

 

The reforming model is established according to Gibbs free energy thermodynamic 

equilibrium reaction, mainly including strong endothermic steam reforming reaction and 

weak exothermic water gas shift reaction.  

 

The hybrid system also includes other components, such as CC, HE, mixer, and syringe 

pump. The establishment of the models and parameters selection based on energy and 

mass balance equations can be found in [8,9]. This work assumes that unreacted fuel is 

completely combusted in the CC.  

 

The hybrid system electric efficiency is: 

 

4 4 2 2

DC/AC ,air ,fuel ,

0 0 0 0 0 0

( ) ( / ) ( / )

( )

SOFC T C g m C e P water e

HS

CH CH H H CO CO fuel

P P P P P

y LHV y LHV y LHV M

    


     


          (2) 

 

In this work, the wood chip gasified gas is chosen as the fuel, which is composed of 

4.53% CH4, 23.64% H2, 13.87% CO, 17.92% CO2 and 40.04% N2. The composition of 

this gasified gas is obtained through the experiment of the two-stage gasification 

developed by Institute of Thermal Engineering, Shanghai Jiao Tong University. In 

addition, we also cited the specific constraints for components safety to evaluate the 

hybrid system performance [8,9]. 

 

3 Results and Discussions 

 

3.1 System performance of IT-SOFC/GT hybrid system 

 

The operation performance at designed condition is obtained by using above established 

IT-SOFC/GT mathematic models, as shown in Table 1. It can be observed that designed 

fuel flow rate is 2.269 mol/s, and all characteristic parameters of main components meet 

the requirements in Table 3 in [9].  

 

The fuel cell operating parameters coincide with the results from reference [11]. For the 

small power system designed in this work, the electrical efficiency is 60.78%. It is noted 

that the catalytic combustor temperature is not more than 1200K and changes 

homogeneously, causing NOx emission to be very low (nearly zero) [12] and CO to be 

converted into CO2 completely. Above results show that the hybrid system has good 

emission and operation performance. 
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Table 1. Performance of the IT-SOFC/GT Hybrid system. 

Type WCG 

Uf=75% 

Fuel flow rate/mol/s 2.269 

IT-SOFC current density/ A/m2 5000 

IT-SOFC working temperature/K 1073 

IT-SOFC MTG/ K/cm 6.571 

S/C boundary value 1.87 

IT-SOFC voltage/V 0.79 

IT-SOFC power/kW 144.4 

TIT /K 1173 

Gas flow rate/ kg/s 0.2747 

GT power/kW 38.01 

Air compressor consumption/kW 27.48 

Fuel compressor consumption/kW 7.929 

Syringe pump consumption /kW 0.012 

Hybrid system power/kW 182.4 

Hybrid System efficiency/% 60.78 

 

3.2 Effect of biomass gas compositions on system performance 

 

As the raw materials of biomass gas varies from each other greatly in sources and 

properties, the composition of biomass gas will usually change, resulting in deviation 

from the design operating system condition. The performance of the hybrid system was 

studied with biomass gas concentration (CO, H2, CH4) changing in the range of -20% to 

+ 20% from the design concentrations while the current density and the fuel flow rate are 

constant, (Note: In the calculation, when the composition of one effective fuel changes, 

the others components in the remaining volume stay the initial proportion unchanged). 

The effect of each component change on the performance of the hybrid system is shown 

in Figures 4-6. 

 

As can be seen from figure 4, the working temperature and voltage of fuel cell both 

increase with the increase of the fuel concentration. It is also found that when fuel 

concentration increases, ohmic polarization and electrode polarization resistance 

decrease while the Nernst potential of the battery rises, resulting in the fuel cell output 

voltage increases. It can also be seen from the figure that, percentage changes of H2 has 

the largest effect on battery performance parameters, while CH4 the minimum, this is 

related to the proportion of the various components in the biomass gas. 
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Fig. 4 Fuel cell working temperature and voltage variation 

 

 
Fig. 5 Turbine inlet temperature and output power variation 

 

Figure 5 shows the effect of fuel concentration on turbine inlet temperature and output 

power. It is found that both the turbine inlet temperature and the gas turbine output power 

increase with increasing percentage of each component. This is because the amount of 

combustible components entering the catalytic combustion chamber is increased and 

more heat is released, making turbine inlet temperature increase. And the increase of H2 

percentage has the largest effect on turbine inlet temperature. It can also be seen that the 

change in the output power of the gas turbine is almost the same when the percentage of 

H2 and CO is varied. 
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Fig. 6 System output power and electrical efficiency variation 

 

It can be seen from Figure 6 that the output power of the system increases with the 

increase of the components, and the variation range affected by H2 percentage is the 

biggest, while the change of CO and CH4 percentage has relatively smaller effect. The 

power generation efficiency of the system increased slightly with the increase of H2 

percentage and decreased with the increase of CO and CH4 percentage. This is due to that 

fuel cell accounts for the main part of the output power of the hybrid system.  

 

When the composition of the biomass gas is changed, the system operating parameters 

are within the requirements of Table 3 in [9], which means the system can be operated 

safely. As can be seen from the results, the appropriate reduction in CH4 percentage or 

increase of H2 percentage are benefit to improving system performance. 

 

3.3 Effect of moisture content on system performance 

 

In this research, the moisture content entered the system is calculated by the 

corresponding formulas according to the value of S/C varied from 0.5 to 4.5. 

 

The water amount variation changes the fuel composition concentration, which leads to 

the fuel cell electrode kinetics and thermodynamics change [14]. The moisture content of 

fuel cell exit calculated changes from 0.08 to 0.34, which lead to the variation of fuel cell 

characteristic, as shown in Figs.7-8. 
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Fig.7. Fuel cell WT and MTG  

 

Figure.7 shows that the fuel cell working temperature has a maximum value 1083K when 

the moisture content is equal to 0.12, and then decreases from 1083K to 1041.46K with 

increasing water. This is because that, when the current density is constant, the heat 

released by the fuel cell electrochemical reaction will not be changed. The increasing 

water causes more heat to be absorbed by CH4 steam reforming and increases the cooling 

effect from H2O on the fuel cell stack. Obviously, the MTG decreases lineally from 

7.80K/cm to 5.45 K/cm, which is within the safe operation range shown in Table 3 in [9]. 

 

 
Fig.8. Fuel cell polarization loss and voltage 

 

Figure.8 shows that fuel cell output voltage decreases and the polarization losses of fuel 

cell anode, cathode and ohm increase with increasing water. It also can be seen, for the 

various polarization losses of the selected fuel cell, the polarization losses of cathode and 

ohm occupy the main part. This result is consistent with the variation trend of the voltage 

and polarization losses in the reference [11]. 
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The characteristics of reforming is mainly decided by the reactor temperature (exit 

temperature), fuel composition, reaction pressure and the amount of water entered the 

reformer. The moisture content of reformer exit calculated changes from 0.04 to 1.02, 

which lead to the variation of reformer characteristic, as shown in Figs.9 

 

 
Fig.9. K1，K2 and S/Cbv 

 

In reforming process, the increasing reaction equilibrium constant Ki means that the 

forward reaction is performed, vice versa. Figure 9 shows that the CH4 reaction 

equilibrium constants K1 has a peak value 3.93 and then decreases to 0.77, while the K2 

increases from 1.86 to 2.87 lineally.  It also can be seen, the S/Cbv decreases at first and 

then increases with the increasing water. When the water added in the reformer is higher 

than the S/Cbv value required, the carbon deposition is can be effectively prevented at 

least in theory. When the range of moisture content is 0.04 ~0.38, the carbon deposition 

easily occurs because the water is not enough for the reforming reactions. In this 

condition, CH4 and CO cracking reactions may be accompanied by CH4 reforming 

reaction, leading to carbon deposition, which can plug gas diffusion pores and weaken 

the activated catalyst, and finally causing the performance of reformer to deteriorate. 

 

 
Fig. 10. TIT, gas flow rate and surge margin 
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In the hybrid system, the mass fraction of water entered the turbine increases from 8.26% 

to 25.77% with the variation of S/C, the corresponding moisture content changes from 

0.10 to 0.35. Under this condition, the dry combusted gas becomes wet combusted 

gas[15].  

 

Figure.10 shows that variation trend of TIT, wet gas flow rate and surge margin with 

moisture content. The TIT has a maximum value at moisture content of 0.12 and then 

decreases. This is mainly caused by the reaction characteristic of reformer. It also can be 

seen, the operation point is close to the surge boundary, and the SM decreases from 

24.51% to 13.46%. However, the SM of all the operation points is greater than 12% 

shown in [9], which indicates that the safety requirement is met. 

 

 
Fig. 11. Performance of the hybrid system 

 

Figure. 11 shows that the power and electrical efficiency of the hybrid system decrease 

with growing S/C ratio, while the PGT/PSOFC increases. In the hybrid system, PGT/PSOFC is 

an important parameter in the generation performance. It defined as the ratio of power 

produced by the gas turbine to the power produced by the gas turbine. The bigger the 

ratio, the smaller the system efficiency. In this calculation, PGT/PSOFC increases with the 

increase of the water vapor, which means that the SOFC power covers a smaller 

proportion in the hybrid system. And the decrease of the fuel cell power is greater than 

the increase of the gas turbine power with the increase of steam. Therefore, both the 

hybrid system power and electrical efficiency decrease. 

 

It can be found in the calculation results that when the amount of water vapor is very 

small (when the S/C is lower than 1.68 in this research), the hybrid system has a good 

performance, but in this condition, carbon deposition easily occurs in the reformer 

 

4 Conclusions  

 

In this work, using wood chip gasified gas as fuel, the performance of an IT-SOFC/GT 

hybrid system is analysed, and the effects Fuel composition on the safety performance 
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and load performances of hybrid system under the consideration of fuel cell temperature 

gradient, compressor surge zone and turbine inlet temperature are studies. The main 

conclusions can be drawn, as follows: 

 

1) The IT-SOFC/GT hybrid system of 182.4kW has a high electric efficiency of 60.78% 

fuelled by wood chip gasified gas. This hybrid system is with very low NOx and CO 

emission, and has good operating performance. 

 

2) The percentage change of H2 in wood chips gas causes the biggest change of the output 

power of the system, and the electrical efficiency increases slightly with H2 percentage 

increases. Change of CO and CH4 percentage has little effect on the output power with 

similar trend, while electrical efficiency of the system decreases significantly with the 

percentage of CO and CH4 increasing. The turbine is damaged easily by the too high inlet 

temperature when the H2 concentration is so high. 

 

3) With the increase of moisture content, the fuel cell working temperature and mean 

temperature gradient does not exceed the safety limit value. When the range of moisture 

content is 0.04~0.38, the carbon deposition is easy to happen in the reformer. With the 

decrease of water, the performance of the hybrid system improves significantly. But for 

considering the safe operation for reformer, maintaining a high value of the water is very 

important. 
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