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The 25th  ECOS Conference 1987-2012: leaving a mark  
The introduction to the ECOS series of Conferences states that “ECOS is a series of 
international conferences that focus on all aspects of Thermal Sciences, with particular 
emphasis on Thermodynamics and its applications in energy conversion systems and 
processes”. Well, ECOS is much more than that, and its history proves it! 
 

The idea of starting a series of such conferences was put forth at an informal meeting of the 
Advanced Energy Systems Division of the American Society of Mechanical Engineers 
(ASME) at the November 1985 Winter Annual Meeting (WAM), in Miami Beach, Florida, 
then chaired by Richard Gaggioli. The resolution was to organize an annual Symposium on 
the Analysis and Design of Thermal Systems at each ASME WAM, and to try to involve a 
larger number of scientists and engineers worldwide by organizing conferences outside of the 
United States. Besides Rich other participants were Ozer Arnas, Adrian Bejan, Yehia El-
Sayed, Robert Evans, Francis Huang, Mike Moran, Gordon Reistad, Enrico Sciubba and 
George Tsatsaronis.  
 

Ever since 1985, a Symposium of 8-16 sessions has been organized by the Systems Analysis 
Technical Committee every year, at the ASME Winter Annual Meeting (now ASME-IMECE). 
The first overseas conference took place in Rome, twenty-five years ago (in July 1987), with 
the support of the U.S. National Science Foundation and of the Italian National Research 
Council. In that occasion, Christos Frangopoulos, Yalcin Gogus, Elias Gyftopoulos, Dominick 
Sama, Sergio Stecco, Antonio Valero, and many others, already active at the ASME meetings,  
joined the core-group. 
 

The name ECOS was used for the first time in Zaragoza, in 1992: it is an acronym for 
Efficiency, Cost, Optimization and Simulation (of energy conversion systems and 
processes), keywords that best describe the contents of the presentations and discussions 
taking place in these conferences. Some years ago, Christos Frangopoulos inserted in the 
official website the note that “ècos” (’oikoɠ) means “home” in Greek and it ought to be 
attributed the very same meaning as the prefix “Eco-“ in environmental sciences. 
The last 25 years have witnessed an almost incredible growth of the ECOS community: more 
and more Colleagues are actively participating in our meetings, several international Journals 
routinely publish selected papers from our Proceedings, fruitful interdisciplinary and 
international cooperation projects have blossomed from our meetings. Meetings that have 
spanned three continents (Africa and Australia ought to be our next targets, perhaps!) and 
influenced in a way or another much of modern Engineering Thermodynamics. 
After 25 years, if we do not want to become embalmed in our own success and lose 
momentum, it is mandatory to aim our efforts in two directions: first, encourage the 
participation of younger academicians to our meetings, and second, stimulate creative and 
useful discussions in our sessions. Looking at this years’ registration roster (250 papers of 
which 50 authored or co-authored by junior Authors), the first objective seems to have been 
attained, and thus we have just to continue in that direction; the second one involves allowing 
space to “voices that sing out of the choir”,  fostering new methods and  approaches,  and 
establishing or reinforcing connections to other scientific communities. It is important that our 
technical sessions represent a place of active confrontation,  rather than academic “lecturing”. 
In this spirit, we welcome you in Perugia, and wish you a scientifically stimulating, 
touristically interesting, and culinarily rewarding experience. In line with our 25 years old 
scientific excellency and friendship! 
 
Umberto Desideri, Giampaolo Manfrida, Enrico Sciubba 
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Abstract: 
A relevant effort is being spent to reach the EU climate and energy goals by involving European cities and 
towns in sustainable energy planning. Many Italian and European cities are now involved in the development 
of Sustainable Energy Action Plans (SEAP), presenting in detailed way the actions finalized to the reduction 
of CO2 emissions. In most cases, a large number of actions are proposed, ranging from renewable energy 
production to energy saving and to information and communication actions. It therefore emerges the need of 
methodologies for guiding the administrators to the selection of the most effective actions for the 
achievement of the desired emission reduction, compatibly with budget and resource availability.  
A Linear Programming model for the optimal selection of the actions and of their priorities is presented. The 
model allows to allocate in optimal way the economic resources among different actions to achieve a given 
level of CO2 emissions reduction, considering resource constraints. The model has a user-friendly interface, 
and a complexity compatible with applications to municipal level. An example of application of the model to a 
school is presented and discussed. 
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1. Introduction 
In last decades there are growing concerns about fossil fuel reserve depletion, greenhouse effect and 
related climate changes. After ratification of the Kyoto protocol [1], a relevant effort is being spent 
by Europe to enhance renewable energy production and to promote energy efficiency. In December 
2008, the EU adopted an integrated energy and climate change policy (20/20/20), with ambitious 
targets for 2020: cutting greenhouse gases by 20%; reducing energy consumption by 20% through 
increased energy efficiency; meeting 20% of energy needs from renewable sources [2].  
In order to reach these goals, an active participation of European cities and towns in sustainable 
energy planning has been stimulated by the European institutions. Many European cities are now 
involved in the development of Sustainable Energy Action Plans (SEAP), presenting in a detailed 
way the actions finalized to the reduction of CO2 emissions [3]. In Italy, 1225 municipalities have 
joined the Covenant of Major, while only 16% of them have already produced the SEAP (January 
2012) [5]. Most of them are located in the North of Italy (Fig. 1). 
A study on a set of SEAP produced in eight representative Italian cities (Alessandria, Bergamo, 
Cesena, Modena, Padova, Piacenza, Torino, Udine) is being carried out by the authors, within the 
studies to develop the SEAP for the city of Salerno [26] [28]. In most cases, a large number of 
actions are proposed, ranging from renewable energy production to energy saving, to information 
and communication actions and to stakeholders involvement. The analysis has demonstrated a 
certain lack of quantitative data in part of the proposed actions.  
Moreover, when quantitative evaluations of costs and benefits in terms of CO2 reduction and/or 
energy savings of each proposed action are provided (Table 1), any indication of priorities or 
selection criteria among them is missing. Actually, most of the planned actions have quite different 
cost  effectiveness  in  terms  of  CO2 reductions and energy savings, as evidenced by the graphs 
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reported in Fig. 2, representing: i) the avoided CO2 versus energy savings (upper part) and ii) their 
unit costs (lower part) for a set of actions and cities (listed in the legend). The analysis of the data 
shows that there is more than one order of magnitude between the unit costs related to different 
actions. Moreover, a significant spread between the unit costs of same actions for different cities 
also occurs [26].  
 

 
Fig. 1. Number of Italian cities that have completed the SEAP 

Table 1. Analysis of a group of Italian SEAPs. Actions and Cities. 

  Alessandria Bergamo Cesena Modena Padova Piacenza Torino Udine Total 

Biomass 1 0 1 0 0 0 0 1 3 
PV plants 0 1 1 1 1 0 0 1 5 
LED for traffic lights 0 1 0 1 1 1 1 1 6 
Street lighting optimization 0 1 0 1 1 1 1 1 6 
Private Building Optimization 0 1 1 1 0 0 1 0 4 
Public Building Optimization 0 1 0 0 0 0 1 1 3 
RSU 0 0 0 0 0 0 1 0 1 
Thermal Solar Plants 1 0 1 0 0 0 1 1 4 
District Heating 1 1 0 0 0 1 0 1 4 
Public Transportation 1 0 0 0 1 0 1 0 3 
Total 4 6 4 4 4 3 7 7 39 
 
Therefore, it is apparent that a selection criteria between different actions could be needed, at least 
in case of partial availability of financial resources. Moreover, some of these actions could be 
mutually exclusive or subject to some common constraints: for instance, space heating requirements 
could be satisfied by use of solar thermal panels or cogeneration plants, but also reduced by proper 
building insulation; similarly, the installation of solar thermal panels or photovoltaic panels on 
building roofs cannot exceed the available surface. It is evident that, in many cases, the decisions 
about possible alternative actions are somewhat interrelated and not independent of each other. 
The above considerations evidence the need of methodologies for guiding the administrators to the 
selection of the most effective actions for the achievement of the desired emission reduction, 
compatibly with budget and resource availability.  
A review on the models available in literature for energy and environmental planning is 
summarized in next chapter, while a model based on Linear Programming, particularly suitable for 
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small scale and municipal level, is presented in the following chapters, and some results are 
discussed. 
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Fig. 2. Analysis of a group of Italian SEAPs. Avoided CO2 vs Energy savings (up) - Avoided CO2 
Unit Cost vs Energy savings unit cost (down) 
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2. Models for Energy Systems 
Several models have been developed to study and plan the evolution of complex systems involving 
interaction of economic, energetic and environmental aspects. A large review of models used for 
energy studies, at different levels and approaches, is available in [20]. In the early ‘70s, the model 
WORLD3 was used to model the interactions between population, industrial growth, food 
production and limits in the ecosystems of the Earth [6].  
Some years later, the MARKAL models generator was developed by a consortium of 14 countries 
under the aegis of an IEA committee (Energy Technology Systems Analysis Development 
Programme, ETSAP), with a specific focus on energy system analysis [7]. Starting from the original 
formulation, further implementations have been carried out to account for different situation and 
purposes. A short overview of MARKAL models is presented in Table 2. The mathematical 
approach is mainly based on Linear Programming (LP), while Non-Linear Programming (NLP), 
Multiple Integer Programming (MIP) and Stochastic Programming (SP) are also used. Further 
details, with reference to selected bibliography, is available in [8]. The MARKAL models are now 
widely used in many countries to support energy-environmental planning at national and local scale 
[9][10][11].  
Specific tools have also been developed at the Environmental Protection Agency (EPA) in U.S.. 
The “Integrated Planning Model” (IPM) allows to analyze the impact of air emissions policies on 
the U.S. electric power sector. EPA has used multiple iterations of the IPM model in various 
analyses of regulations and legislative proposals [13]. 
 
Table 2. Overview of the MARKAL family of models (from[8] ). 

Member /Version Type of Model Short Description 
MARKAL LP Standard model. Exogenous energy demand 
MARKAL-MACRO NLP Coupling to macro-economic model energy demand 

endogenous. 
MARKAL-MICRO NLP Coupling to micro-economic model, energy demand 

endogenous, responsive to price changes.  
MARKAL-ED (MED) LP As MARKAL-MICRO but with step-wise linear representation 

of demand function. 
MARKAL NLP Linkage of mult iple countries specific MARKAL-MED With 

multip le reg ions and MARKAL-MACRO, including trade of 
emission Permits. 

MARKAL LP Besides energy flows (electricity, heat)  material flows with 
material flows and recycling of materials can be modeled in the 
RES. 

MARKAL SP Stochastic Programming. Only with standard model. With 
Uncertainties  

MARKAL – ETL MIP Endogenous technology learning based on learning-by-doing 
curve. Specific cost decreases as function of cumulative 
experience. 

 
Some models address specifically the energy plans at municipal level [21]-[25]. Both general 
models [21] [22] [25] and specific models, i.e. for Solid Waste Management [23], have been 
developed. However, in some cases the term ‘municipal’ may be misleading, being referred to very 
large communities as Beijing [21].  
The MARKAL and IPM models, in their numerous versions, can cover most, if not all, of the 
possible cases occurring in the study of an energy and environmental system, and could certainly be 
adapted to study actions at municipality level, as considered by SEAP. However, their modelling 
structure is quite complex, and their use is probably more suitable in academic and government 
agencies context rather than at municipal level, in particular for a small or medium size town or 
city. On the other hand, at a local level interactions with macro-economic aspects, material flows 
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and prices changes, representing the distinctive features of the MARKAL or IPM models, are of 
course less relevant than at regional or national level. In next chapter a simpler LP model  will be 
presented, specifically tailored to the exigencies of small scale systems, as for a SEAP at municipal 
level.  

3. The proposed LP model 
The proposed methodology is based on the solution of an optimal resource allocation problem by 
means  of  a  Linear  Programming  (LP)  approach.  The  classical  LP  problem  consists  of  the  
determination of the decision variable vector x minimizing a linear objective function F(x): 

 

(1)    

subject to linear equality constraints: 
 (2)   

and to linear inequality constraints: 

 (3)   

Starting from its basic formulation from Dantzig [15], several different  versions of LP methods 
have been proposed, for the solution of different problems. In the present case, the solution is 
obtained by means of the Simplex method, as implemented in the Matlab function ‘linprog’ [16]. 
The decisions variables xi represent a measure of the investment in each action. Their units vary 
according to the specific action considered, as specified in Table 3. Regarding their nature, xi are 
real and non-negative numbers. In case of LED, x3 should be indeed an integer number, 
representing the optimal number of lamps. However, it is treated as a real number, being its value 
quite large (particularly in applications at municipal level). The result of the optimization problem 
is therefore approximated to the nearest integer number. 
The objective function F(x) (1) is expressed as a linear combination of the product of decision 
variables xi and terms fi: 

 (4)   

where ii is the yearly unit investment and ri is the yearly unit revenue associated to the i-th action, 
while T is the time horizon, in years. The objective function therefore represents the global 
investment needed by the decision maker (the municipality) to achieve a given level of CO2 
emissions, minus the possible revenues associated to the actions, achieved in the given time 
horizon. Both short and long terms strategies can be examined by varying T.  
In particular, if T is set to zero, no revenues are considered. Therefore, the solutions corresponding 
to the minimum investment needed to achieve the given level of CO2 reduction are sought. This 
solution would then represent the minimum cost strategy to achieve the given emissions reduction, 
regardless of future revenues. 
The variable Beq in the equality constraint (2) represents the global reduction of CO2 emission, 
while the diagonal terms of the matrix Aeq  contain the unit impact factors of the actions xi on CO2 
emissions.  
The inequality constraints (3) express the availability of resources to be allocated to the actions x, 
where variable B is the maximum available resource for each group of actions, and the matrix A  
indicates the correspondence between each action and a group of resources. 
An additional inequality constraint (5) expresses the conditions that the total required investment I 
must be not greater than the available economic resource Imax: 
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(5)   

The solution of the problem is achieved for two scenario’s with different time horizon, i.e. Short 
Term (T=0) and Long Term (T=20). In the former case, the solutions corresponding to the minimum 
investment compatible with the given emission reduction are obtained, regardless the long term 
result. In the second case, the maximum long term results are obtained, of course with a greater 
initial investment. The results corresponding to intermediate investment values between these two 
limit cases are also investigated, by imposing suitable values to the maximum allowed investment 
in (5). 
For each scenario, the whole range of emissions reduction Beq is examined. Therefore, a complete 
picture of the required actions, of their priorities and of the needed investment is provided, both in 
tabular and in graphical form. 
Some general comments on the linear assumption of the model seem necessary. As shown in Table 
2 and in literature review presented in the previous chapter, Linear Programming is one of the most 
used techniques for energy planning problems. Although most physical systems involved in such 
problems are inherently non-linear in nature, the relationship between the decision variables and the 
output variables can often be approximated by linear relationships. With reference to the actions 
considered in this paper and in the on-going applications to municipal level, there are certainly 
some scale effects related to the size of the plant, affecting unit costs, and possibly efficiencies and 
CO2 emissions. In case that these effects are relevant, they could be treated by non- linear 
relationships, so leading to a non- linear optimization problem, characterized by a significant 
increase in complexity and computational burden with respect to a LP problem. Another way to 
tackle the problem is to consider separately the actions referring to small, medium or large plants, 
where each class of plants can be characterized by (approximate) linear relationships between 
decision variables and output variables. This approach, that seems more suitable at small or medium 
scale energy systems, could allow to maintain the advantages of Linear Programming with only a 
moderate increase in problem dimensionality. 

4. An example of application 
In order to check the operation of the model on a small scale example, the case of a school has been 
considered. The energy required is for space heating (in the period from November 15 to April 30) 
and electricity and hot water (all the year, except August), while no air conditioning is required. 
Different solutions have been considered: 

A. Solar thermal collectors for hot water and space heating, with seasonal storage. 
B. Photovoltaic (PV) panels (the surplus electricity is sold to the grid). 
C. Reduction of electricity demand by adopting LED. 
D. Cogeneration plant (CHP), fueled with natural gas (the surplus electricity is sold to the grid). 
E. Reduction of thermal energy demand by building insulation. 

Investment costs, yearly savings and avoided CO2 per unit are reported in Table 3, for each action. 
They represent respectively the terms i and r in equations (4) and (5), and the terms Aeq in equation 
(2). For instance, in case of PV panels (second row) the decision variable x2 is represented by panel 
surface in m2, the term f2 (4) is equal to 300-50·T, while 70 is the estimated yearly avoided CO2 per 
unit (square meter), representing the term Aeq2,2 in the equality constraint (2). 
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Table 3. Actions, unit cost, savings and avoided CO2. 

Actions  
Unit Unit cost  

€ 
Savings 

€/year/unit 
Avoided CO2 
kg/year*unit 

Thermal Solar + Seasonal Storage m2 750 50 300 
PV panels m2 300 40 70 
LED No. of lamps 100 20 50 
CHP with methane kWe 2000 680 1600 
Building insulation € 1 0,24 0,45 
 
The links between actions and resources are summarized in Table 4. In the second row the 
maximum available resource for each action is reported, representing the terms B in equation (3). 
They express the maximum allowed surface for solar panels (the sum of thermal and photovoltaic), 
the maximum number of LED lamps, the maximum electric power for co-generator and the actual 
thermal load of the building. The correspondence between each action and the resources, 
representing matrix A in (3), is also presented in the lower part of the table. In this case, the matrix 
expresses a link between solar thermal panels and PV panels (second column), whose surface 
cannot exceed the total available surface of 200 m2. A further constraint (last column) connects 
thermal panels, CHP plant and building insulation, since their effect cannot exceed the given yearly 
thermal load, estimated in 91500 kWh. In other words, their effects are additive, and should not 
exceed the required thermal load to avoid energy waste. The use of LED lamps, instead, is not 
linked to the other actions related to electrical energy production (PV panels and CHP), since it is 
assumed that the excess electrical energy can be sold to the grid. 
Table 4. Actions and available resources. 

Resource 
Panel Surface 

[m2] 
N lamps  

[/] 
CHP  

[kWe] 
Thermal load 
[kWht/year] 

 Availability 200 80 100 91500 
Actions     
Thermal Solar + Seasonal Storage 1 0 0 450 
PV panels 1 0 0 0 
LED 0 1 0 0 
CHP with methane 0 0 1 17520 
Building insulation 0 0 0 2,25 
 
The data in the tables have been estimated starting from average producibility of solar plant, cost of 
natural gas and of electricity in Italy, studies on thermal solar plants with seasonal storage and 
literature data on building insulation costs and performance. It has to be remarked, however, that the 
main purpose of this calculation is to check and illustrate the features of the proposed method, 
rather than to design in detailed way the best energy system for a school. Of course, more precise 
and complex methods exist for thermal design and optimization of buildings, also including non-
linear and transient effects, that are not considered in this analysis [17], [18], [19]. 
4.1. Results 
A global picture of the results, in terms of investment, costs and CO2 reduction, is provided in Fig. 
3. The optimal size of investment and the related profit for each action is shown in Fig. 4, for the 
two scenarios (short term and long term). It is timely to remark that, both in short and long term 
scenarios, profits are evaluated after the same time horizon (i.e.20 years). However, while in long 
term scenario profit coincides with the objective function (1), in the short term case (T=0) the long 
term profit corresponding to the minimum investment is computed. 
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Fig. 3. Optimal results - Investment Costs and Profit vs CO2 reduction 

In Fig. 3, the short term scenario is indicated by continuous lines, while dotted lines represent the 
long term scenario. To achieve a given CO2 reduction, different solutions are available, with 
investment costs ranging from a minimum value (continuous blue line) to a maximum value (dotted 
blue line). In correspondence, profit also ranges from a minimum value (red continuous line) to a 
maximum value (red dotted line). Intermediate results are indicated by blue and red stars. 
It can be observed that the investment costs (blue lines) are always increasing with CO2 reduction. 
The dotted line stops at 0.1 M€, representing the maximum allowed investment Imax. The slope of 
profit (red lines), instead, tends to decrease, and to become negative. This tendency is much more 
evident for the dotted line (long term). In this case (upper part of Fig. 4), the actions corresponding 
to higher profit per avoided emission unit are first selected (building insulation, in this case), then 
the other actions (PV panels, LED and thermal panels). It can be observed that, when the emission 
reduction increases, a gradual substitution between PV and thermal panels occurs, due to the 
constraint on maximum available surface. Similarly, the investment in building insulation decreases 
when thermal solar panels are adopted.  For the actions not conflicting with others (i.e. LED lamps), 
the investment gradually increases until the saturation level is reached. 
For the short term scenario (lower part of Fig. 4) the most convenient solutions in terms of initial 
investment versus CO2 reduction are first selected. In this case, the suggested actions are CHP, LED 
and thermal solar panels. It can be also observed that, when investment for thermal solar panel 
increases, the size of CHP plant is reduced, to satisfy the constraint on the thermal load. 
It can be observed that there is a large difference between the minimum and the maximum profit, 
corresponding to short and long term scenarios. The difference is small at lower investment values, 
growths to their maximum at about 87% of CO2 reduction, when the maximum allowed investment 
(blue dotted line) reaches the limit value of 0.1 M€ (Fig. 3). After this value, the differences 
between short and long terms scenarios tend to decrease again. It emerges, therefore, that, for a 
large range of CO2 emissions, even small differences in investment costs (blue) may produce large 
differences in profit, at the same level of CO2 emissions. An analysis limited only to investment 
costs and related CO2 emissions could therefore strongly penalize the long term results, while much 
better profits could be obtained with only a slight increase in initial investment.  
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Fig. 4. Optimal results - Investment and profit for each action vs CO2 reduction  

 It is worth noting that the CO2 reduction can even exceed 100% of the original CO2 emissions. In 
fact, the production of electrical energy via CHP and PV panels is not necessarily limited to the 
electrical load of the school, since it can be sold to the grid. 
A graph with the ratio between profit and investment is presented in Fig. 5. This ratio ranges 
between 1 and 5,5, approximately. Similar graphs are obtained to describe the optimal size of the 
proposed actions, versus CO2 reduction and investment. Two graphs refer to optimal surface of PV 
plant, reaching their maximum value at a CO2 reduction  of  about  75% (Fig. 6), and to optimal 
number of LED lamps, that tend to be selected only for CO2 reduction greater than 30%  (Fig. 7). 
Similar graphs, not reported in the paper due to space constraints, are obtained for the other planned 
actions. 
The set of results presented above has been obtained by solving the LP problem (1)-(5) 45 times, for 
different values of constraints on CO2 level and maximum allowed investment. About 100 graphs 
and several tables in Excel were automatically generated. Computational time is about 50 seconds 
on a Desktop PC (CPU Intel® Core™ i3, 4 GB RAM, 3.07 GHz). 
These results demonstrate that, even considering a relatively simple energy system as a school, a 
rather complex picture emerges and articulate strategies are needed to achieve the best results in 
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terms of CO2 reduction, with limited economic resources and in presence of constraints between the 
different actions. 
The best mix of solutions depends on the target emission reduction, and therefore on the available 
financial resources. Moreover, even if provided by a linear model, the solutions are not linear with 
respect to the output (CO2 emissions reduction): in other words, the best solution to achieve 100% 
reduction  of  CO2 is not simply obtainable (i.e. doubling each action) from the solution 
corresponding to 50% reduction, as clearly shown in Fig. 4. In fact, passing from 50% to 100% 
reduction, the best solution is obtained not only incrementing some actions, but also reducing some 
others.  
This implies that a clear picture of objectives and of available resources is required at the start of the 
project, since the best strategy to enhance system performance (i.e. increase CO2 reduction) could 
not be simply obtained by additional investments on an existing plant, even if starting from an 
optimal solution. 
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Fig. 5. Optimal results – Ratio between profit and investment vs. CO2 reduction. 
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Fig. 6. Optimal results – Optimal surface of PV panels (m2) vs. CO2 reduction. 
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Fig. 7. Optimal results – Number of LED lamps vs. CO2 reduction. 

5. Conclusions 
A methodology to assess the optimal combination of actions to achieve given CO2 emission 
reduction, considering their effectiveness and costs, has been presented. The proposed procedure is 
particularly suitable at a municipality level, to assist the development of Sustainable Energy Action 
Plans.  
The methodology, based on a Linear Programming approach, provides the optimal selection of the 
actions and of their priorities in order to achieve the best environmental benefits in presence of 
limited economic resources and of constraints between the different actions. The results, obtained 
by application of the model to a school, have evidenced that not straightforward strategies can be 
required to achieve the best mix of the planned actions in order to maximize the environmental 
benefits, for different availability of economic resources. It has also been shown that the analysis 
cannot be limited to the minimization of investment costs for given emission reduction, since long 
term effects could be significantly penalized by this approach. This result is of practical relevance 
for the assessment of the Sustainable Energy Action Plans, since in most of the analyzed cases only 
investment costs and impact on CO2 emissions were provided in the documents, regardless of their 
long term economic impact. This approach could lead into significant inefficiencies in terms of 
allocation of financial resources. 
The procedure is actually in course of application to the development of Sustainable Energy Action 
Plan for the city of Salerno, in South Italy. In this case, the actions are being treated at aggregate 
levels (i.e. buildings are not described individually, but as clusters of homogeneous cases; the same 
happens for infrastructures and transport systems). A study on SEAP of different Italian cities [5] 
[26] [28] has shown that the number of different actions considered is of the order of ten (Table 1). 
It is therefore expected that the total number of actions will be not very large, and that it will 
compatible with the proposed method, in terms of computational burden and of robustness. 

References 
[1] The Kyoto Protocol, available at <http://unfccc.int/kyoto_protocol/items/2830.php> 
[2] European Commission, Climate Action Documents and Publications, available at 

<http://ec.europa.eu/climateaction/key_documents/index_en.htm> 
[3] P.Bertoldi, D.Bornás Cayuela, S.Monni, R.Piers de Raveschoot, Existing Methodologies and 

Tools for the Development and Implementation of Sustainable Energy Action Plans (SEAP), 



 

12 
 

Publications Office of the European Union, 2010, JRC56513, ISBN: 978-92-79-14852-1, ISSN: 
1018-5593. 

[4] Convenant of Majors, available at <http://www.eumayors.eu>  
[5] Italian Cities belonging to Convenant of Majors, available at 

<http://www.campagnaseeitalia.it/il-patto-dei-sindaci> 
[6] D.H. Meadows, D.L. Meadows, J.Randers, and W.W. Behrens III. (1972), The Limits to 

Growth. New York: Universe Books. ISBN 0-87663-165-0. 
[7] Fishbone LG, Abilock H., MARKAL - A linear-programming model for energy system 

analysis: technical description of the BNL version. Int J Energy Res 1981;5:353–75. 
[8] Mohammad Reza Faraji Zonooz, Z.M. Nopiah, Ahmad Mohd Yusof, Kamaruzzaman Sopian, 

“A Review of MARKAL Energy Modeling”, European Journal of Scientific Research, ISSN 
1450-216X Vol.26 No.3 (2009), pp.352-361 

[9] E. Endoa, M. Ichinoheb, Analysis on market deployment of photovoltaics in Japan by using 
energy system model MARKAL, Solar Energy Materials & Solar Cells 90 (2006) 3061–3067 

[10] M. Salvia, C. Cosmi, M. Macchiato, L. Mangiamele, Waste management system 
optimisation for Southern Italy with MARKAL model, Resources, Conservation and Recycling, 
34 (2002) 91–106. 

[11] Johnsson J, Bjorkqvist O, Wene C-O. Integrated energy-emissions control planning in the 
community of Uppsala. Int J Energy Res 1992;16:173–95. 

[12] ETSAP, Energy Technology Systems Analysis Program, available at <http://www.iea-
etsap.org> 

[13] EPA Integrated Planning Model, available at <http://www.epa.gov/airmarkt/progsregs/epa-
ipm/index.html> 

[14] City Energy Plan, Salerno (in Italian), available at 
<http://www.dimec.unisa.it/PEC_Salerno>  

[15] G.B Dantzig, Maximization of a linear function of variables subject to linear inequalities, 
1947. Published pp. 339–347 in T.C. Koopmans (ed.):Activity Analysis of Production and 
Allocation, New York-London 1951 (Wiley & Chapman-Hall). 

[16] Linear Programming on Matlab, available at 
<http://www.mathworks.it/help/toolbox/optim/ug/linprog.html> 

[17] D.B. Crawley, L.K. Lawrie, F.C. Winkelmann, W.F. Buhl, Y.J. Huang, C.O. Pedersen, R.K. 
Strand, R.J. Liesen, D.E. Fisher, M.J. Witte, J. Glazer, EnergyPlus: creating a new-generation 
building energy simulation program, Energy and Buildings, pp. 319-331, vol. 33, 2001 

[18] J. A. Clarke, J. Cockroft, S. Conner, J. W. Hand, N. J. Kelly, R. Moore, T. O'Brien, P. 
Strachan, Simulation-assisted control in building energy management systems, Energy and 
Buildings, pp. 933-940, vol. 34, 2002. 

[19] Building Energy Software Tools Directory, US Dept. Of Energy, available on 
http://apps1.eere.energy.gov/buildings/tools_directory/subjects_sub.cfm 

[20] S. Jebaraja, S. Iniyanb, A review of energy models, Renewable and Sustainable Energy 
Reviews, 10 (2006) 281–311 

[21] Q.G. Lin, G.H. Huang, Planning of energy system management and GHG emission control 
in the Municipality of Beijing - An inexact-dynamic stochastic programming model, Energy 
Policy 37(2009) 4463–4473. 

[22] Clas-Otto Wene, Bo Rydén, A comprehensive energy model in the municipal energy 
planning process, European Journal of Operational Research, Volume 33, Issue 2, January 
1988, Pages 212–222 



 

13 
 

[23] Guohe Huang, Brian W. Baetz and Gilles G. Patry, A Grey Linear Programming Approach 
for Municipal Solid Waste Management Planning under Uncertainty, Civil Engineering 
Systems, Volume 9, Issue 4, 1992 

[24] Jenny Ivner, Municipal Energy Planning – Scope and Method Development, PhD Thesis, 
Linköping Studies in Science and Technology, Dissertation no. 1234 

[25] Dag Henning, MODEST—An energy-system optimisation model applicable to local utilities 
and countries, Energy, Volume 22, Issue 12, December 1997, Pages 1135–1150 

[26] Daniele Galdi, Piani d’Azione per l’Energia Sostenibile: analisi quantitativa delle azioni 
proposte, Bachelor Thesis in Mechanical Engineering, University of Salerno, February 2012, in 
Italian. 

[27] Gabriele Orlando, Modelli per la pianificazione energetica ed ambientale, Bachelor Thesis 
in Mechanical Engineering, University of Salerno, February 2012, in Italian. 

[28] Vito Di Guida, Analisi comparata dei Piani d’Azione per l’Energia Sostenibile, Bachelor 
Thesis in Mechanical Engineering, University of Salerno, February 2012, in Italian. 

Acknowledgments 
The contributions given to the present analysis by Vito Di Guida, Daniele Galdi and Gabriele 
Orlando during their Master Thesis in Mechanical Engineering at the University of Salerno are 
gratefully acknowledged. 
 
 



PROCEEDINGS OF ECOS 2012 - THE 25TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 

JUNE 26-29, 2012, PERUGIA, ITALY 
 

14
 

A natural gas fuelled 10 kw electric power unit suitable 
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automotive internal combustion engine 
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Abstract 

The paper discusses the concept and the overall performance of an auxiliary power unit, suitable for distributed 
energy conversion, based on a wide-spread automotive supercharged Diesel internal combustion engine. The 
latter has been converted into a spark ignition methane/natural gas unit by Istituto Motori CNR of Italy and it has 
been specifically chosen among many other engines as a reliable, high efficiency, cost effective unit, suitable for 
energy conversion systems (such as microcogeneration for residential or commercial applications). The paper 
starts by defining the ratio which leaded to the adoption of an automotive four cylinders, Diesel internal 
combustion engine, in order to produce the above mentioned electric power. This is followed by a explanation of 
the main modifications adopted to convert the former Diesel engine in a spark ignited stoichiometric unit, with a 
discussion over the most significant element and technical solution that could give the system a high efficiency, 
low gaseous emissions and long endurance. The unit has been coupled with a liquid cooled induction generator 
and then tested as an electricity and heat production system, ready for grid connection and to become a base 
for a future microcogeneration system, thanks to a new designed management/control system. During field test 
a complete report of its running behavior has been reported. 

 

Keywords: 

Distributed generation, Microcogeneration, Micro-grids, Natural gas. 

Introduction 
Micro-cogeneration plants seem to be a interesting solution to become a smart way of energy 
supplying for single houses, buildings and commercial activities; moreover it’s considered a simple 
and immediate form to enhance the full utilization of fuel energy and, consequently, a reduction for 
CO2 emissions, especially when natural gas is used as fuel. Actually there are some plants available on 
the European market, able to produce an electric power of about 15 kW (such as. Tandem [1], Energy-
Werkestatt [2], EC-Power [3], Energ-Co [4]), offering interesting overall performances in terms of 
electric efficiency (between 25% and 31%) and Primary Energy Ratio (i.e. the energy utilization rate of 
fuel, comprised between 85% and 90%). However these units still have some disadvantages if 
compared to a conventional electricity and heat supply (i.e. by grid distribution and conventional gas 
heater), such as high cost, bulk and electric efficiency; for these reasons micro-cogeneration could be 
still far from high volume production, waiting for new solutions capable of reducing the effect of the 
above mentioned disadvantages, while still taking benefits deriving from full utilization of energy. 

A first definition for a new 10 kw electric power unit 
In its simplest form, a 10 kW electric power unit could be conceived as a multicylinder internal 
combustion engine coupled to an electric generator and a number of heat exchangers, in order to 
recover as much heat as possible from cooling fluid and exhaust gas. The rated speed for these units is 
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normally set between 1500 rpm and 1800 rpm, depending on the specific electric generator (normally 
4-poles synchronous or asynchronous generators) and/or grid frequency (50 or 60 Hz); this choice is 
made in order to keep both mean piston speed and noise as low as possible and get a longer expected 
life.  It’s to be underlined that the last aspect is a basilar theme as regards microcogeneration units, as 
most of them are expected for a 40.000 hours running period. Based on these same elements, the 
Author focused his attention over a number of engines which could led to the required electric power, 
among some small industrial multipurpose units and several automotive engines, taking into account 
that the unit must produce a mechanical power comprised between 11 and 12 kW, considering the 
efficiency of a generic electric generator. Of course, just gas fuelled units have been considered, as 
Diesel or gasoline engine were both too far from European limits regarding low emissions and fuel 
economy. 
As regards industrial units, small scale gas engines are not very typical (as most of them are Diesel 
engine) as just higher power systems (> 50 kW) are today available on the market. So, another class of 
engines has been analyzed, i.e. the automotive engines. In this case, these units are close to the required 
power at the rated speed of 1500 rpm, showing quite interesting performances in terms of global 
efficiency, low noise and vibration.  But at the same time they cannot be compared to the industrial 
units in terms of durability and reliability, as they have not been designed for heavy-duty service, but 
simply as mass-production spark- ignited automotive units. For this reason the Author concluded that, 
in order to reach a longer endurance even for small cogenerative engine, another kind of units should 
be considered. From this point of view, a modern automotive Diesel engine converted into a spark 
ignited unit results more similarly designed to large industrial engine, because it results more robustly 
constructed, as it has to undergo to much higher pressures. But another important aspect of this 
philosophy is that such kind of engine can run at higher loads (in terms of higher b.m.e.p. brake mean 
effective pressure) without reliability problems, while most of other spark ignited micro-cogenerators 
normally work under lower loads, in order to keep long term durability; so, in the first case, a higher 
mechanical efficiency can be expected, giving to this solution a higher potential in terms of global 
efficiency. In order to achieve a first definition of displacement for this unit, it can be observed that 
most of modern spark ignited internal combustion engine can express a specific torque of 80 Nm/liter 
around their highest volumetric efficiency. In order to reach a mechanical power of 12,5 kW at the 
rated speed of 1500 rpm (taking into account an electric efficiency of 0,80 to get the required electric 
power of 10 kW), a torque of about 80 Nm is needed: so, having fixed a (conservative) value of 65 
Nm/liter for the engine at 1500 rpm, a 1200 cc displacement would be necessary. 
   

The electric generating system  
The final aim of a microcogeneration unit suitable for domestic and commercial applications in Europe 
is the production of a single phase 230 VAC (Voltage in Alternating Current), characterized by a grid-
equivalent power quality; this could be obtained by a three-phase 400 VAC asynchronous machine (as 
most of the models cited in the introduction), together with some active power factor control systems 
and line filters, each different phase serving three different utility groups. The choice of the electric 
generator was made among some different units available on the European market, each of them 
capable of producing the required power at the rated tension, torque and speed. After some analysis it 
was clear that the required performances could only be assured by a water cooled unit, because of its 
high specific power and efficiency, but especially because of its intrinsic low noise, (due to the absence 
of cooling fan and fins) and the possibility to be placed, together with the internal combustion engine, 
into a completely closed containing case. Moreover, compactness was taken into account because a 
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significant volume and weight reduction could be obtained with this solution. So it was decided to 
design and make a water cooled generator (in collaboration with an Italian electric machine producer), 
with the aim of arrange not only a prototype, but a pre-industrial component.   

 
   

Figure 1 – Water cooled asynchronous generator on the test bench 

This unit has been examined on a test bench as first and it has been characterized by varying the 
external torque; water temperature was fixed at 50°C, i.e. the same set as the incoming water-flow 
temperature into the future micro-cogenerator; a set of experimental data was produced and then 
reported in the following Table. 1; 
 
Load 
(%) 

Power 
(kW) 

Current 
(A) 

Power 
factor 

Efficiency 
(%) 

Speed 
(rpm) 

Voltage 
(V) 

Mech. 
power 

Losses 

100 11,04 19 0,82 87,33 1565 388 12,6 1,606 
75 8,28 16 0,75 88,5 1545 388 9,4 1,076 
50 5,52 13 0,62 88,1 1532 388 6,3 0,746 
25 2,67 10 0,38 83 1516 388 3,3 0,565 

Table 1 – Asynchronous generator experimental data characteristic 

The recorded data show an interesting behavior expressed by the prototype generator, with an 
efficiency of about 88% in most of its functioning curve, and higher than planned in the previous 
calculations where an electric efficiency of 80% was fixed. However the Author consider that some 
diminution in the generating efficiency of asynchronous machine will occur when the unit would be 
coupled with an internal combustion engine, because of its intrinsic torque and speed fluctuation [7].  

The internal combustion engine  
After having known the behavior of the electric generator, as regard global performances, it can be 
better defined the engine displacement and the needed torque to move the electric machine. Several 
automotive Diesel has been considered during this analysis; at the end the chosen unit was a Fiat 1250 
cm3 of displacement, turbocharged Diesel engine, even known as 1,3 MultiJet. This engine represents 
one of the most advanced unit today available on the market, owing to its double overhead cams with 
hydraulic lifters and integrated rocker-arms, four cross-valve with high turbulence intake design. This 
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unit has been transformed in a stoichiometric spark ignited engine, atmospheric pressure charged and 
natural gas fuelled, representing the very first 1,3 MultiJet Diesel unit to be transformed into a methane 
prototype. The high turbulence deriving from intake ducts (very typical for a Diesel unit) was 
considered to be an important issue by the Author, this aspect in order to sustain the flame propagation 
and avoiding knocking at the low speed of 1500 rpm even with an high compression ratio (12:1). As 
regards combustion chamber, the previous Saurer type has been replaced with a large central bowl with 
a very limited squish area, (similar to a Heron type) in order to give the combustion chamber an high 
volume/surface ratio (to improve thermal efficiency), to reduce HC formation and to avoid the swirl 
enhancing. This aspect must be controlled, in order to reduce heat transfer to chamber walls and it will 
be no doubt part of further developments of the engine in the future (together with compression ratio 
optimization), by means of CFD and combustion simulation programs; the internal piston shape can be 
easily seen in the following Fig 2.  
 

 
Fig.2 Modified pistons with enlarged bowl  

In Fig.3 it can be seen the flat head with the four valves and the central spark plug; the glow plug hole 
of the original Diesel engine has been used to install a pressure sensor. 
   

 
Fig. 3 Four valve head with spark plug   

As underlined before, another important issue for this prototype was reliability and endurance, being 
the same engine an important work-bench to test technical solutions in the future, especially regarding 
surface hardening and special lubricants. The most critical parts, as regards wear and friction, are some 
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mechanical couples, i.e. liners and pistons, valve and seat and finally rocker-arms and camshaft. So, as 
first step, the valve springs have been reduced in their pre-load and stiffness (if compared to the 
original engine version) in order to reduce friction [6], thanks to the lower rotational speed performed 
by this new unit. Moreover, special exhaust valve with Stellite coating have been adopted, together 
with hardened valve seat. Further developments will consider hardened liners (by PVD coatings) 
associated with new formulated fullurene added lubricants. As regards lubrication system, an auxiliary 
apparatus has been installed, made up of a large capacity oil- tank (21 liters) and of a constant oil- level 
device, which permits to fix the optimal lubricant amount in the sump. The oil circulation is forced by 
an external electric pump without any particular modification of the original lubricating system. The 
auxiliary tank has been dimensioned on the average oil consumption showed by this engine, this 
permitting to make oil change intervals longer than the standard engine (so reducing global costs). 
As regards the control and management system, the engine is provided with an especially designed 
integrated electronic platform, which has been conceived as a global control system (both of electric 
and thermal power) especially suitable for cogeneration plants. This equipment has been designed to 
perform different load strategies, such as electric load driven or heat load driven. As regards the first 
strategy, it makes the energy produced by the generating group just follow the energy requirement 
from a generic utility, through the control of an automotive electric driven throttle; in this way no 
energy flow can be delivered to the grid. At the same time, the system can control a straight 
stoichiometric operation, managing natural gas flow by means of a step motor valve put on the feeding 
line and thanks to two different oxygen sensors (before and after the three-way catalytic converter), in 
order to control both steady and transient load conditions. Other features of this system are an active 
cooling apparatus control (through an electric pump) and the active control of oil consumption and 
circulation. The system architecture has been conceived as very flexible, in order to permit future up-
grades of the same through the installation of other sub-modules, in order to control more 
engine/system functions, such as ignition system, EGR control, power factor and other thermal 
regulating apparatuses. In the following Fig.4 and the prototype control system is shown, while in 
Fig.5 the engine with the catalytic converter and double oxygen sensor can be seen. 
                    

 
Fig. 4 Prototype cogenerator control/management system  
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Fig.5 The prototype with catalyst and double oxygen sensor  

In order to reduce NOx emissions an exhaust gas recirculation (EGR) has been set up. An important 
difference between the EGR system of the original Diesel engine and the one introduced in this 
prototype stands in the different achievable cooling of exhaust gas. In this prototype they are spilled at 
the end of the last stage of the heat recovery system, where a maximum temperature of 80°C can be 
reached at full load; this condition is very important in a spark ignited engine, in order to avoid 
knocking and obtain a higher global efficiency. The EGR mass flow is still not controlled by any 
adjustable valve, having been optimized just for full load conditions; as reported before, further 
development of global management system will consider a special module for active EGR control. 
As regards the ignition system, the global management platform was not fitted with an ignition 
module; so an automotive based component was adopted and modified in order to improve life cycle of 
the whole ignition apparatus. With this aim, an electronic ignition system (with high voltage 
distributor), coupled with a single special high voltage coil was employed. The latter was used to meet 
the heavy load conditions of high compression, natural gas fuelled engines, where sparks need a higher 
voltage to take place. The distributor, provided with an internal electronic pick-up, was put on the 
camshaft  (in  place  of  the  Diesel  high  pressure  pump),  with  the  aim  of  getting  a  one-spark  per  cycle  
strategy, instead of a one-spark per round; in this way a significant excess load on the whole system 
was avoided, for a better durability and maintenance cost reduction, because of the lesser plug 
electrodes erosion.  
 
The system as an electric and heat  generator 
The two systems, separately analyzed before, have been finally coupled and tested, in order to get the 
global performance as electric and heat generator. The unit was tested with four different throttle 
openings, just connected to the electric grid and without any passive electric load to simulate a generic 
utility during the experiment. All tests have been performed with natural gas from the Italian 
distribution network, with a declared average LHV (Lower Heating Value) of 34.400 kJ/Sm3. 
As regards laboratory setup, the apparatus which has been used to characterize the behavior of the 
electric generator was an API-COM motor/brake system, equipped with a low-inertia asynchronous 
machine. As regards the air and fuel flow metering, a hot wire flow meter (by VSE) has been adopted, 
together with a Coriolis fuel flow meter (by Emerson MicroMotion). As regards emissions, raw 
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exhaust gas has been analyzed with an API-COM measurement system (Mod. S-5000), consisting of 
the following analyzers: NDIR (Non-Dispersive Infrared Detector), CLD  (Chemiluminescence 
Detector) and FID (Flame Ionization Detector) all by Emerson. 
The engine performances regarding electric and thermal output are showed below in Table 2, while 
global emissions (before and after catalyst) are reported in following Table 3. 
  

Load 
 

(%) 

Electric 
Power 
(kW) 

Speed 
 

(rpm) 

Current 
 

(A) 

Power 
factor 

Primary 
Energy 
(kW) 

Electric 
efficiency 

(%) 

Thermal 
power 
(kW) 

Thermal 
Efficiency 

(%) 

Primary 
Energy 
Ratio 

100 11,45 1570 21,1 0,84 41,55 27,5 24,7 59,5 0,87 
75 8,20 1548 17,3 0,74 32,6 25,1 20,8 63,9 0,89 
50 5,35 1534 13,5 0,60 25,4 21,0 17,8 68,0 0,89 
25 2,55 1518 10,8 0,35 18,6 14,2 13,1 75,8 0,90 

Table 2: Global electric and thermal performance 

Load 
 

[%] 

THC 
(bef. Kat) 
[p.p.m.] 

NOx 
(bef. Kat) 
[p.p.m.] 

CO 
(bef. Kat) 

[%] 

Exhaust 
Temp. 
[°C] 

THC 
(aft. Kat) 
[p.p.m.] 

NOx 
(aft. Kat) 
[p.p.m.] 

CO 
(aft. Kat) 

[%] 

Exhaust 
Temp. 
[°C] 

100 910 1270 0,18 525 110 130 0,02 520 
75 1020 940 0,20 466 140 80 0,02 460 
50 1190 510 0,21 398 150 65 0,02 395 
25 1200 290 0,23 313 150 55 0,02 307 

Table 3: Global emissions before and after catalyst 

The obtained results are quite interesting if referred to an experimental unit; as regards the overall 
efficiency, the system showed an interesting 27,5%, with a net power generation of 11,5 kW and a 
thermal power generation of 19,7 kW, corresponding to a global Primary Energy Ratio (i.e. the sum of 
heat and electric power vs. potential fuel power) of 87% at full load. The electric power is higher than 
required, but capable of compensating the performance drop when very low pollution emissions are 
mandatory (especially regarding NOx), or in case of high wear and aging of the unit. Regarding 
thermal efficiency, global performances are very interesting if compared to other units, also because 
the system was not yet provided with a containing case; so that a significant amount of convective and 
irradiative heat was lost, with higher value for the higher loads because of the surface temperature rise. 
However, the system showed these results also because the external cooling fluid was kept at 50°C 
(because of the required maximum temperature for the electric generator), this causing water 
condensation in the exhaust gas and giving the system an extra heat amount. As regards the electric 
generating efficiency, it can be observed that generator behavior doesn’t seem to be much affected by 
torque variability of the internal combustion engine [7], this also because of a special elastic coupling 
between the generator and the I.C.E., the latter provided with a high inertia flywheel (as can be seen in 
the following Fig.9), which limited the rotational speed fluctuation of the whole system. 
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Fig.9 Elastic coupling with high inertia flywheel 

As regards emissions, the overall behavior reflects quite low global levels, owing to the stoichiometric 
setting and to the a methane optimized three-way catalyst. The NOx production before catalyst could 
be limited even more with a higher rate of exhaust gas recirculation (EGR), in order to meet the most 
stringent European limitation [5] and reduce, at the same time, both catalyst dimension and cost. In this 
case, a powered EGR valve is needed (controlled by the managing/control device), because of 
performance instability showed by I.C.E. at partial load conditions. The internal combustion engine 
coupled with the electric generator can be seen in the following. Fig.10. 

 
Fig.10: The 10 kW power unit during endurance test  

Conclusions 
The 10 kW power unit developed by Istituto Motori - CNR showed interesting global performances, 
similar to other commercial competitors and capable of being improved in many aspects in the future. 
The final goal of 10 kW electric power has been overlapped and it can even increase in the future 
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owing to further developments of the internal combustion engine, such as higher compression ratio 
(obtained with a new design combustion chamber and piston) and optimized intake ducts, being all 
these aspect capable of increasing global efficiency too. As regards thermal efficiency, a better result 
could be reached by mean of a containing case for the whole system and another cooling stage inside 
of the same volume, in order to control the internal temperature and perform a higher heat recovery [7]. 
The CNR system also showed to be an interesting prototype for the testing and the evaluation of 
technical solutions applied to microcogeneration in general, especially for further developments in the 
field of durability (materials and lubrication), noise and vibration reduction (silencers, suspension 
devices, noise absorbing panels), electric efficiency (different generators, flywheels an inverters) and 
other solutions to obtain higher Primary Energy Ratio (unconventional heat-exchangers). Finally, this 
unit, constructed with low cost industrial elements, showed that the introduction on the market of a 
reliable and cost-effective system could be no-doubt carried out by industry in a next future, being 
most of its components absolutely widespread in the automotive and domestic heater production.  

 

Nomenclature 
ɖE.E    Electric efficiency of microcogenerator; 

ɖT.E   Thermal efficiency of microcogenerator; 

ɖO.E  Overall efficiency  of the internal combustion engine; 

ɖgen  Electric efficiency of generator; 

Nm Newton-meter (Torque unit); 

cc  cubic centimeters (displacement unit); 

LHV    Lower Heating Value; 

I.C.E.  Internal combustion engine 

b.m.e.p. Brake mean effective pressure 
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Abstract 
Among buildings envelope elements, fenestration and insulation exert the most intense influence on heating 
and cooling energy consumption.  Fenestration permits entrance into the indoor space of large amounts of 
solar radiation, which are desired only during the heating period.  The values combinations of fenestration 
and insulation characteristics for obtaining a “quasi-adiabatic” envelope, on a daily basis, have been 
predicted.  It was found that such values combinations (a) depend strongly on the climatic conditions and 
they exist for the months from November to March and only for buildings with energetic heating systems, and 
(b) they are different for each one of these months.  Therefore, for buildings operating during a specified 
period, the corresponding “quasi-adiabatic” envelope values may be used for minimizing heating energy 
consumption while for all year operating buildings, the yearly energy consumption, which is predicted in 
terms of the main envelope parameters, may be used for energy saving.  A critical value of the fenestration 
heat transfer coefficient has been detected, for each level of insulation effectiveness, for which the yearly 
energy consumption becomes independent of fenestration percentage, thus providing the means to reduce 
the often undesired limitations concerning the size of fenestration area.  The present analysis is based on a 
developed implicit finite-difference solution of a set of differential equations, which describe the transient 
thermal behavior of buildings.  Although the findings and conclusions of the analysis refer to the Greek 
Typical Reference Building (GTRB) under the Athens typical weather conditions, they have a considerable 
degree of generality and may, therefore, be used not only for the thermal analysis of similar buildings under 
similar climates, but also for cases with different conditions and requirements.  Apart from its theoretical 
relevance, the information provided may be used by the consulting engineer for making preliminary energy 
consumption estimations for the values combinations of the main envelope parameters, for selecting those 
which satisfy energy saving, low initial cost and aesthetic requirements. 
 
Keywords: 
buildings envelope parameters,  fenestration,  building insulation,  quasi-adiabatic buildings envelope,  
thermal comfort energy saving 

1. Introduction 
The effects of envelopes characteristics on the energy consumed for obtaining indoor thermal 
comfort of buildings have been studied in a large number of publications, for example refs [1-9].     
In most of these, attention is focused on the envelopes elements with the lowest and highest thermal 
resistance, i.e. the fenestration and the insulation. 
Recent  examples  from  the  former  class  of  studies  may  be  found  in  refs  [1-4]:   In  ref.  [1]  a  
fenestration heat a transfer model is developed on the basis of experimental and theoretical analysis 
of fenestration thermal behavior.  In ref. [2] a simulation procedure is developed and used for the 
evaluation of the contribution of windows in buildings energy balance in Amman.  Applications of 
advanced glazing and overhangs are proposed and the resulting shading effects on their overall 
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behavior are analysed in ref. [3].  Improvements of fenestration solar heat gain measurement 
systems are presented in ref. [4]. 
Recent examples from the latter class of studies, i.e. those related to the effects of insulation on 
heating energy consumption may be found in refs. [5-9], in most of which the insulation thickness 
is optimized using various criteria, i.e. the kind of energy source [5], the electricity tariff [6], or the 
life cycle cost [7].  A correlation between insulation thickness and thermal conductivity, for 
obtaining the optimum result, is developed in ref. [8].  In ref. [9] a case study on the influence of 
insulation in regions for extreme weather conditions is presented. 
The above studies represent only a small part from the large number of studies on the effects of 
envelope characteristics on energy consumption for buildings heating and cooling.  However, little 
work has been done on the effects of envelope parameters combinations [10,11] and in particular on 
the combined effects of fenestration and insulation, which are the envelope elements with the 
strongest influence on building heating and cooling energy consumption.  An effort towards this 
direction has been done in our recent studies [12-14], where the effect of fenestration and insulation 
parameters combinations on the heating energy consumption was predicted.  In the first of the 
above publications [12] the concept of “quasi-adiabatic” or “pseudo-adiabatic” wall was introduced, 
while in the second [13] the analysis was extended to the “quasi-adiabatic” or “pseudo-adiabatic” 
envelope.  In these studies the required fenestration and insulation parameters combinations for 
obtaining quasi-adiabatic walls and envelopes were predicted for specified weather conditions.   
The analysis refers only to buildings with energetic heating systems. 
In the present study, both energetic and passive systems are considered and the parameters of 
weather conditions are introduced. The required fenestration and insulation parameters 
combinations for quasi-adiabatic envelopes are predicted for various weather conditions, thus 
enabling consulting engineers to select the appropriate values combinations of fenestration and 
insulation parameters for obtaining minimization of the consumed energy for indoor thermal 
comfort at any specified climatic conditions or any month of the year.  The corresponding values of 
the yearly energy consumed are also predicted for use in the case of buildings operating throughout 
the year.  The analysis is based on a developed implicit finite-difference solution of a set of 
differential equations, which describe the transient thermal behavior of buildings.    

2. Thermal behavior simulation of a Greek Typical Reference 
Building (GTRB) 
Existing computer codes, which are suitable for the simulation of buildings transient thermal 
behavior, as for example refs. [15,16], require extensive modifications for the purposes of the 
present study.  Therefore, a new simulation procedure was developed, based on an implicit finite-
difference solution of a set of differential equations, which describe the transient thermal behavior 
of a Greek Typical Reference Building (GTRB). 
GTRB characteristics have been defined by examining the Athens and other Greek cities buildings 
in conjunction with the related Hellenic Directive published in the official Government Gazette 
Issue 407/9-4-2010, which is based on the European Union Directive 91/2000 on the energy 
performance of buildings.  The typical year weather data used have been obtained by statistical 
processing of 20 years hourly measurements of ambient temperature [17] and solar radiation [18,19] 
in the Athens area.  
Although GTRB characteristics may be found in our previous articles on related subjects [12,13], 
they are repeated below very briefly for the sake of completeness:  100 m2 detached one-storey 
house of square shape with exterior walls composed of 2 cm exterior finishing layer, 9 cm 
brickwork, 4 cm insulation with specific thermal conductivity ki=0.038 W/mK, 9 cm brickwork and 
2 cm interior finishing layer;  roof composed of 2 cm interior finishing layer, 14 cm reinforced 
concrete slab, 4 cm insulation and 10 cm of usual exterior waterproof and concrete mixtures layers; 
floor constructed from 10 cm upper floor tiles with cement mixture sub-layers, 4 cm insulation layer 
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and 10 cm reinforced concrete slab directly in contact with the ground; indoor walls of 30 m length 
made of single bricks with finishing layers on both sides; the four sides of the house are oriented 
towards the four main orientations and each one is composed of 25% fenestration with overall heat 
transfer coefficient 3.2 W/m2 K; outdoor and indoor convection coefficients 16 W/m2  oC  and  8  
W/m2 oC, respectively; light-coloured exterior envelope surface with absorption coefficient for solar 
radiation 0.44; constant ventilation of 1 indoor air changes per hour.  The developed procedure for 
the simulation of the GTRB described above is based on previous procedures [20-26], presented 
and tested against experimental data and other numerical predictions in previous studies [27-29].  
Therefore, only a very brief description will be given below, containing mainly the new points 
introduced.  The thermal behaviour of the multilayer GTRB envelope elements e (i.e. exterior walls, 
fenestration, ceiling and floor) is expressed by the transient one-dimensional heat conduction 
differential equation: 
  ɟejCejµ Tej(t,x) /µ t = kejµ 2Tej(t,x) / µ x2   ,  xj ¢ x¢ xj + Bej  ,  j = 1, 2, …,J        (1) 
 
as only the direction x normal to the walls and other extended surfaces present significant 
temperature variations. In the above equation Tej(t,x) is the temperature of any layer j of multilayer 
envelope  element  e  at  time  t  and  depth  x,  measured  from its  outdoor  surface;   J  is  the  number  of  
layers each envelope element is composed of;  ɟej, Cej, kej and Bej are the density, thermal capacity, 
thermal conductivity and thickness of each layer j of multilayer element e, respectively; and xj, 
xj+Bej are the coordinates of the jth layer surfaces of element e. 
The boundary conditions for the exterior walls may be written as 
  qo,e(t) = ho[ To(t) – Te1(t,x) ]  ,  x = 0                                   (2) 
  qi,e(t) = hi[TeJ(t,x) – Ti(t)] + Ɇvge,v[ TeJ(t,x) –Tv(t)] + Re(t)  ,  x = xJ+BeJ        (3) 
 
where qi,e(t) and hi are the heat flow and the convection coefficient at the indoor surface, 
respectively, while qo,e(t) and ho denote the corresponding quantities for the outdoor wall surface; 
Ti(t)  and  To(t) are the indoor and the equivalent outdoor air temperature, which includes the effect 
of the incident solar radiation, according to the related ASHRAE [30] model;  Ɇv denotes 
summation over indoor surfaces v;  ge,v is the radiation heat-transfer factor between indoor surface 
of element e and any other indoor surface v of temperature Tv(t);  and  Re(t) expresses the part of 
solar radiation transmitted through any opposite fenestration, and the parts of the radiative loads 
from lighting, equipment and people, which are absorbed by the indoor surface of exterior walls.  
The same equations (2) and (3) express the boundary conditions for the outdoor and indoor 
fenestration surfaces, respectively, where To(t) now expresses the real ambient temperature Tamb(t) 
and the term Re(t) is omitted.  The percentage of solar radiation absorbed by fenestration is taken as 
a source term in the corresponding transient heat conduction equation (1). 
 
Table 1. Greek Typical Reference Building (GTRB) parameters 
Area 100 m2 (square shape). 
External Wall 2cm finishing layer, 9cm brickwork, 4cm insulation, 9cm 

brickwork, 2cm finishing layer. 
Roof 2cm interior finishing layer, 14cm reinforced concrete slab, 

4cm insulation, 10cm exterior waterproof and concrete 
mixtures layers. 

Floor 10cm upper floor tiles with cement mixture sub- layers, 4cm 
insulation layer, 10cm reinforced concrete slab. 

Indoor Wall 2cm finishing layer, 9cm brickwork, 2cm finishing layer. 
Fenestration 25% of each external’s wall orientation, U=3.2 W/m2K 
Outdoor  convection coefficient  8 W/m2oC 
Indoor  convection coefficient  16 W/m2oC 
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Roof surfaces are treated in the same way as exterior walls, surfaces, i.e. eqs (2) and (3), are used as 
boundary conditions for the upper and lower roof surfaces, respectively.  Adiabatic boundary 
conditions are imposed to the lower surface of floors directly in contact with the ground, or over an 
underground non-ventilated basement [30].  Equation (2) is imposed as boundary condition if the 
floors lower surface is in contact with the ambient.  Boundary condition expressed by eq. (3) is 
imposed on the upper floors surface. 
 
The transient one-dimensional heat conduction equation (1) with subscript e replaced by p is used 
for  the  calculation  of  the  temperature  distribution  Tpj(t,x) within any indoor multilayer partition p 
(indoor wall, ceiling or floor), composed of j=1,2,…,J layers, each one of thickness Bpj.  Boundary 
conditions at the two sides of any partition p may be expressed as 
 
qp1(t) = hi[Tp1(t,0) – Ti(t)]   +   Ɇvgp,v[ Tp1(t,0) –Tv(t)]  +  Rp1(t)                     (4) 
 qpJ(t) = hi[TpJ(t, xJ+BpJ) – Ti(t)]   +   Ɇvgp,v[ TpJ(t, xJ+BpJ) –Tv(t)]  +  RpJ(t)           (5) 
 
where Tp1(t,0) and TpJ(t,  xJ+BpJ) denote the temperatures at the two sides (first and last layers j=1 
and j=J) of partition p at time t, respectively;  qp1(t)  and  qpJ(t) stand for the heat flows at the 
corresponding sides of the partition;  Ti(t) and hi are the indoor air temperature and the convection 
heat-transfer coefficient at partition surfaces, respectively;  gp,v is the radiation heat-transfer factor 
between surfaces of partition p and any other indoor surface v of temperature Tv(t).  The parts of 
solar radiation,  transmitted through any opposite fenestration, and the parts of the radiative loads 
from lighting, equipment and people, which are absorbed by the two partitions sides 1 and J are 
expressed by terms Rp1(t) and RpJ(t), respectively.  
Same equations as those for the indoor partitions, with subscript p replaced by f, are used to 
calculate the temperature distribution Tfj(t,x) within furniture, which is simulated by equivalent 
multilayer slabs composed of the usual furnishings materials, i.e. wood, plastics, glass, textile 
mater, metal, etc. 
The sum of heat flows from envelope indoor surface, partitions and equivalent furnishing slabs may 
be expressed as 
 
Q1(t)  =  Ɇeqi,e(t)Ae  + Ɇp [qp1(t) + qpJ(t) ]Ap  +  Ɇf[ qf1(t) + qfJ(t) ]Af                  (6) 
 
where summation Ɇe refers to the e (=1,2,…) elements of building envelope, with corresponding 
indoor heat-transfer surfaces Ae and heat flows qi,e(t);  summations Ɇp and Ɇf refer to the p(=1,2,..) 
indoor partitions and to the f (=1,2,..) equivalent furnishings slabs, respectively, with corresponding 
heat-transfer surfaces Ap and Af and heat flows at either sides (qp1, qpJ) and (qf1, qfJ).  
The parts of radiation from lighting, equipment, people and transmitted solar radiation through 
fenestration, which are directly or after reflection absorbed by the indoor air, as well as ventilation 
and infiltration, provide the indoor environment with a load Q2(t).    An additional load Qo(t) ²0 or 
Qo(t) <0 is also provided by the heating or cooling equipment, respectively. 
The above mentioned loads Q1(t)  ,  Q2(t)  and  Qo(t)  may  be  used  to  express  the  indoor  air  thermal  
energy balance, i.e. 

 
maca µ Ti(t)/µ t  =  Q1(t) + Q2(t) + Qo(t)                                  (7) 
 
where Ti(t), ma and ca are the temperature at time t, the mass and the thermal capacity of indoor air, 
respectively. 
 
Differential equations for envelope elements, indoor partitions, furnishings and indoor air thermal 
energy balance form a set of equations, which is solved by the finite difference procedure described 
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in detail in Ref. [31].   Therefore, a very brief outline of the solution procedure is given here for 
completeness reasons:  Initial conditions (for t=to) are first prescribed for all temperature fields 
Tej(to,x),  Tpj(to,x), Tfj(to,x) and for the indoor air temperature Ti(to).  Then, the temperature fields 
Tej(to+ȹt,  x),  Tpj(to+ȹt,  x)  and  Tfj(to+ȹt, x) at the next time level t=to+ȹt are calculated by solving 
the transient one-dimensional heat conduction differential equations for the above variables, which 
are of the form of eq.(1), by employing a usual implicit finite-difference procedure [32].   The 
indoor air temperature Ti(t +ȹt) at any time level t+ȹt is calculated from the discretized form of 
differential equation (7), i.e. 
 

 Ti(t+ȹt)  =  Ti(t)  +  [ Q1(t) + Q2(t) + Qo(t) ] ȹt / (maca)        (8) 
 
Solution is repeated for consecutive days with identical outdoor conditions until convergence to the 
periodic steady-state, in which solution repeats itself every 24 hours.  Convergence criterion was set 
to 0.01oC and the grid dependence study performed defined time and space grid finesses ȹt=60 s 
and ȹx = 0.002 m, respectively, apart from the insulation for which ȹx=0.001 m was taken. Grid 
dependence tests were performed using 40%, 70%, 100% and 130% of the above mentioned grid 
node numbers.  The maximum temperature difference between the latter two cases was 0.06%, 
which was considered sufficiently small.  Therefore, the 100% case was selected.  

3. Main envelope characteristics 
Buildings envelope parameters affecting heating and cooling energy consumption are numerous.  
However, their number can be considerably reduced, because:  
(a) The values of a considerable number of envelope parameters are determined by state laws and 
directives, as for example is the European Union Directive 91/2000 on the energy performance of 
buildings or, for the case of Greece, the Hellenic Directive published in the Official Government 
Gazette Issue 407/9-4-2010. 
(b) A large number of envelope parameters either should be fixed to nearly constant values for 
physical, technical or construction reasons, or their values have very small effect on the heating and 
cooling energy consumption. 
 
A related analysis using the developed computer code described in Section 2, showed that the most 
important envelope parameters are those related to the envelope elements with the highest and 
lowest thermal resistance, i.e. the insulation with characteristics its thickness Wi and specific 
thermal conductivity ki, and the fenestration with characteristics its overall heat transfer coefficient 
Uf , the percentage Pf (with respect to the envelope surface), the orientation and degree of shading 
Ef. 

4. Pseudo-adiabatic or quasi-adiabatic envelopes for energetic 
and passive systems 
In our previous publications concerning the effects of envelope parameters on the transient heating 
energy consumption of buildings [12,13], we have analysed the favourable and adverse effects of 
fenestration and we have introduced the concepts of “quasi-adiabatic” or “pseudo-adiabatic” wall 
[12] and envelope [13] as described in brief below.  
 Daily heat gain and loss through buildings envelope is composed of: 
(a) Solar heat gain through fenestration, FS. 
(b) Conducted envelope heat loss EC, composed of the conducted solar heat  gain through the 
envelope (excluding fenestration), ECS ,  and the  conducted heat loss through the envelope 
(including fenestration), owing  to temperature difference, ECT . 
Therefore, the net daily heat flow through buildings envelope is 
 
   FS – EC   =   FS – (ECS – ECT)        (9) 
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and the condition for a quasi-adiabatic or pseudo-adiabatic envelope may be written as 
 
   FS – EC   =   FS – (ECS – ECT) = 0      (10) 
 
Further analysis in the present study showed that for climatic conditions similar to those of Greece, 
quasi-adiabatic envelopes can be obtained only in buildings with energetic heating systems, which 
retain thermal comfort levels.  In the case of passive heating systems a quasi-adiabatic envelope 
cannot be obtained.  These findings are illustrated in Figs. 1 and 2 for the cases of buildings with 
energetic and passive heating systems, respectively, as follows.  Both figures correspond to the 
typical Athens 21 January for insulation thermal conductivity ki= 0.03 W/mK and thickness Wi= 3 
cm. 
  

 
Fig. 1 Predicted daily energy consumed, envelope heat loss EC and fenestration solar heat gain FS 
in terms of fenestration percentage Pf for various values of the fenestration heat transfer coefficient 
Uf, for the energetic GTRB during the typical Athens 21 January.  Intersection points of curves 
EC(Pf) and FS(Pf) represent the quasi-adiabatic envelope conditions. 
 
Dash lines in Fig. 1 show in the left axis the energy consumed daily by the building heating system 
for retaining 20oC indoor temperature (energetic system) in terms of fenestration percentage Pf for 
various values of fenestration overall heat transfer coefficient Uf.  The thin solid lines show in the 
right axis the daily conducted heat loss EC in terms of fenestration percentage Pf for various values 
of  Uf, while the thick solid line represents (right axis again) the daily solar heat gain FS in terms of 
Pf.  The intersection points of the solar heat gain line FS(Pf)  and  the  heat  loss  lines  EC(Pf) 
correspond to quasi-adiabatic envelopes, since at these points, the net daily envelope heat flow 
becomes zero, according to eq.(10). 
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Fig. 2 Predicted daily mean indoor temperature, daily heat loss EC and fenestration solar heat gain 
FS in terms of fenestration percentage Pf for various values of the fenestration heat transfer 
coefficient Uf, for the passive GTRB during the typical Athens 21 January.  Intersection points of 
curves EC(Pf) and FS(Pf) do not appear and therefore a  quasi-adiabatic envelope does not exist. 
 
Dash lines in Fig. 2 show in the left axis the daily mean indoor temperature Ti (passive system, no 
energy consumed) in terms of fenestration percentage Pf for various values of fenestration overall 
heat transfer coefficient Uf.  The thin solid lines show in the right axis the daily conducted heat loss 
EC in terms of fenestration percentage Pf for  various  values  of  Uf, while the thick solid line 
represents (right axis again) the daily solar heat gain FS in  terms  of  Pf.   Intersection  points  of  the  
solar heat gain line FS(Pf)  and  the  heat  loss  lines  EC(Pf) are not observed.  Therefore, a quasi-
adiabatic envelope cannot be obtained.  Extensive tests showed that combinations of envelope 
parameters (ki , Wi , Pf , Uf) which give a quasi-adiabatic envelope do not exist for passive heating 
systems, for the Athens and all other locations of a similar climate. 

5. Values combinations of envelope parameters for quasi-
adiabatic envelopes during the heating period for energetic 
systems 
In our previous article, where the concept of quasi-adiabatic envelope was introduced [13], the 
values combinations of the main envelope parameters (ki ,  Wi  ,  Pf ,  Uf) for which quasi-adiabatic 
envelopes are obtained, were given but only for the climatic conditions of the typical Athens 
January.  Here, the effect of weather conditions is examined, i.e. calculations are extended to the 
whole heating period (from November to March).  The calculated values combinations are given in 
Fig. 3 for the typical Athens November and December and in Fig. 4 for January, February and 
March.  The above figures show the fenestration heat transfer coefficient Uf in  terms  of  the  
fenestration percentage Pf for insulation thicknesses Wi=3, 4, 5 and 6 cm and insulation specific 
thermal conductivities ki=0.02 W/mK (Figs. 3(a) and 4(a)),   ki=0.03 W/mK (Figs. 3(b) and 4(b)), 
ki=0.04 W/mK (Figs. 3(c) and 4(c))   and   ki=0.05 W/mK (Figs. 3(d) and 4(d)).  The above results 
correspond to the GTRB but without indoor partitions and for 20oC indoor temperature, ventilation 
of 1 change per hour and fenestration percentage Pf distributed to percentages 50% , 0% , 25% and 
25% to the south, north, east and west walls, respectively.  The following comments may be made 
on the interdependence of parameters values of Figs 3 and 4 during the entire heating period (i.e. 
from November to March). 
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(a) When insulation effectiveness decreases (i.e. ki increases and/or Wi decreases) under constant 
fenestration heat transfer coefficient Uf, a quasi-adiabatic envelope is obtained by increasing 
fenestration percentage Pf.  This happens because the increase of Pf allows higher solar heat gain FS, 
which counteracts the higher conduction heat loss ECT  provoked by the decrease of insulation 
effectiveness.  This effect is more pronounced during the months with the lower solar radiation (i.e. 
January in comparison with March), for obvious reasons. 
 

 
Fig. 3 Predicted combinations of envelope parameters (k i , Wi , Uf , Pf), for which quasi-adiabatic 
envelopes are obtained for the energetic GTRB during the typical Athens 21 November and 
December, and for insulation specific thermal conductivities: (a) k i=0.02 W/mK, (b) ki=0.03 W/mK, 
(c) k i=0.04 W/mK, (d) ki=0.05 W/mK. 
 
(b) When fenestration heat transfer coefficient Uf increases under constant insulation characteristics 
(i.e. ki=const., Wi=const.), a quasi-adiabatic envelope may be obtained by increasing fenestration 
percentage Pf, in order to increase the incoming solar radiation, which will counteract the higher 
fenestration heat loss.  Obviously for the low solar radiation months (for example January in 
comparison with March) the required Pf increase is higher. 
(c) When insulation effectiveness decreases (i.e. ki increases and/or Wi decreases), under constant 
fenestration percentage Pf, envelope heat loss increases.  This increase will be eliminated by 
decreasing fenestration heat transfer coefficient Uf, thus obtaining a quasi-adiabatic envelope.  
Here, because of the constant value of fenestration percentage Pf, fenestration solar heat gain 
remains constant and therefore only a small effect of the month is observed related to the “wall 
solar heat gain”.  
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Fig. 4 Predicted combinations of envelope parameters (k i , Wi , Uf , Pf), for which quasi-adiabatic 
envelopes are obtained for the energetic GTRB during the typical Athens 21 January, February and 
March and for insulation specific thermal conductivities: (a) k i=0.02 WmK, (b) ki=0.03 WmK, (c) 
ki=0.04 WmK, (d) ki=0.05 WmK. 
 
(d) When fenestration percentage Pf decreases, solar heat again FS also decreases.  Therefore, a 
quasi-adiabatic envelope will be obtained by provoking an equal decrease of envelope heat loss, 
which is obtained by decreasing insulation thermal conductivity ki and/or increasing insulation 
thickness Wi and/or decreasing fenestration heat transfer coefficient Uf.  This effect is more 
pronounced during the months with the higher solar radiation. 
(e) Figures 3 and 4 show clearly that the effect of the month on the values combinations of envelope 
parameters (ki,  Wi,  Pf,  Uf) for quasi-adiabatic envelopes along the heating period for energetic 
systems is very strong.  

6. Values combinations of envelope parameters for quasi-
adiabatic envelopes during the cooling period for energetic 
systems 
Extensive tests for the main cooling period, as well as for spring and autumn months (i.e. from 
April to October) showed that for the Athens and for all other similar climate locations, values 
combinations of envelope parameters (ki , Wi  , Pf ,  Uf), which give a quasi-adiabatic envelope, do 
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not exist.  This is an expected result, as during the above period eq.(10) does not hold because of the 
high daily values of solar heat gain.  

7. Yearly energy consumption for indoor thermal comfort 
The above analysis shows that the values combinations of the main envelope parameters (ki , Wi , Pf  
, Uf) for which the desired quasi-adiabatic envelope is obtained, depends on the climatic conditions.  
A related example linking some of the values combinations of quasi-adiabatic envelope parameters 
(contained in Figs. 3 and 4 for the months from November to March) to the energy consumed yearly 
for indoor thermal comfort is given in Fig. 5. This figure shows the calculated values of the yearly 
energy consumption Ey in terms of fenestration percentage P f for various values of the fenestration 
heat transfer coefficient Uf with insulation characteristics fixed to ki=0.03 W/mK and Wi=3 cm.  
The basic conclusion of the above figure is that for buildings operating only during a specified 
heating period of the year, the appropriate combination for obtaining the lowest energy 
consumption may be selected from Figs. 3 and 4, while for all year operating buildings, the yearly 
energy consumption level for indoor thermal comfort should be used as the energy saving criterion.  

 
Fig. 5 Predicted values of the yearly energy consumption Ey in terms of fenestration percentage Pf 
for various values of the fenestration heat transfer coefficient Uf, for the energetic GTRB.  Some 
combinations of parameters (k i ,  Wi ,  Uf ,  Pf) for quasi-adiabatic envelopes corresponding to the 
months from November to March are also shown as examples. 
 
Figure 6 provides the predicted yearly energy consumption for indoor thermal comfort (Ti = 20oC 
for the heating period and Ti = 26oC for the cooling period) corresponding to an extended range of 
envelope parameters values combinations (ki ,  Wi ,  Pf ,  Uf) for the energetic GTRB, under the 
climatic conditions of the Athens typical year.  In the above figure, the yearly energy consumption 
Ey is given in terms of the fenestration percentage Pf for fenestration heat transfer coefficient Uf=1, 
2, 3 and 4 W/m2K and insulation characteristics (ki in  W/mK,  Wi in cm) as follows: (0.02 , 3) , 
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(0.02 , 4) , (0.03 , 3) , (0.03 , 4) , (0.04 , 3) and (0.04 , 4) in Figs. 6(a) , (b) , (c) , (d) , (e) and (f), 
respectively. 
  

 
Fig. 6 Predicted yearly energy consumption Ey in terms of fenestration percentage Pf for various 
values of fenestration heat transfer coefficient Uf for the energetic GTRB during the Athens typical 
year and for insulation characteristics (k i in W/mK , Wi in cm): (a) (0.02 , 3),    (b) (0.02 , 4),   (c) 
(0.03 , 3),   (d) (0.03 , 4),   (e) (0.04 , 3),   (f) (0.04 , 4). 
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