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Abstract: Nowadays fossil resources still play a major role in the energy production and they are responsible 
for most of the greenhouse gases (GHG) emissions. The increasing global energy demand requires 
governments, at both high and local level, planning and forecasting their energy demands in order to meet 
such needs in the most sustainable way, reducing GHG emissions as already stated in international 
agreement. Cities play a key role in moving towards a sustainable development, since they are the major 
energy and resource consumers. Starting from 2008, a group of European cities autonomously sets an 
ambitious target in seeking to reduce their carbon footprint at least by 20% by 2020 [Covenant of Major - 
Sustainable Energy Action Plan]. In order to help policy maker reaching the goal, in this study a simulation 
model of one of these cities (Bari, southern Italy) based on system dynamics has been developed. The model 
considers the regional energy demand and shows the effects of different strategies on carbon emission 
performance. The goal here is to provide local decision makers with a holistic view in order to give in-depth 
understanding and leverage the feedback interrelationship of urban energy system. The simulation model 
allows to test “what-if” scenarios and analyzes the expected results of implementing certain adjustment and 
control policies. Results provide essential information for the city’s future energy and carbon emission 
profiles. 
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Introduction 

Counteracting the increasing energy consumption and 
reducing the rampant growth of human population are 
two of the most critical issues facing policy makers. Cities 
play a key role in moving towards a sustainable 
development since they are responsible for about 70% of 
the overall primary energy consumption and for as much 
as 80% of global greenhouse gas emissions (IEA, 2013 
and ONU, 2012). In this context, energy planning 
activities at city-scale have taken on an ever more 
important role (Hiremath et al., 2007).  

As stated by European Commission in the Energy 
Efficiency Plan 2011, energy efficiency is one of the best 
ways to combat the growing hunger of energy of the 
world; “The best energy is the one not consumed!” The 
EU is aiming for a 20% cut in Europe's annual primary 
energy consumption by 2020. During 2010, the 
municipality of Bari has started his route to a low-energy 
consumption urban district. The first step has been to join 
the Covenant of Mayors movement, with the 
implementation and approval of Sustainable Energy 
Action Plan (SEAP). The efforts focus on the building 
sector, where the potential for savings is greatest. SEAP 
short-term and medium-term initiatives involve both 
public and private sectors.  

In this context, system dynamics (SD) can be adopted 
to describe the inner interactions and structures impacting 
urban policies. The system dynamics models can reveal 
the dynamics changes, feedback, delay and other 
processes of a complex system. They are characterized by 
quantifiability and controllability (Naill, 1992). 

The main target group for this study is the group of 
decision makers, who have to deal with the 
implementation of sustainable and renewable energy 
behavior of the population in a specific period of time. 
Possible decision makers are energy suppliers, policy 
makers and other stakeholders who are willing to reduce 
the impact of traditional energy sources. Decision makers 
who use SD are more likely to succeed in decreasing the 
risk of failing when implementing their policies in the real 
world (Forrester, 1969).  

Therefore, from a systemic and holistic point of view 
and taking into account urban population, energy 
consumption, CO2eq emission and policy making as a 
whole, the paper:  

 Proposes a model adopting a system dynamics 
approach; 

 Simulates and predicts the possible energy 
consumption trend under different energy savings 
policies.  
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1 Study area and methodology 

The city of Bari is located in the southeast of Italy. 
The city itself has a population of about 322˙751, as of 
2013 (ISTAT, 2014), over 116 square kilometers, but is 
located at the centre of a large metropolitan area counting 
approximately 1 million inhabitants. In its SEAP, an 
ambitious goal is stated: a minimum CO2 emission 
reduction target of 35% compared to those of 2002, by 
2020. The building sector is responsible for more than 
60% of urban emission, mostly due to residential and 
tertiary sectors. This macro area includes public lighting 
management (SEAP, 2010).  

Therefore, sustainable buildings section is one of the 
focus areas. Some initiatives for promoting energy 
efficiency are furthered (i.e. replacing of incandescent light 
bulbs with compact fluorescent lamps, upgrading to a 
high efficiency boiler, the construction of nearly 0 
emission new buildings and the implementation of an 
“energy cadastre”). 

In order to help policy maker testing the effect of this 
initiatives, a simulation model based on system dynamics 
has been developed. The SD model allows to test “what-
if” scenarios and analyze the expected results of 
implementing certain adjustment and control policies. 
System thinking is a process for understanding how things 
as parts of a set influence each other. It is an approach for 
problem solving by considering issues as parts of an 
overall system rather than reacting to specific part 
[Russell, 2010]. System dynamics is a methodology based 
on system thinking. It intends to understand and model 
the behavior and activities of the complex systems over 
time [Radzicki et al., 2008] by utilizing various control 
factors e.g. feedback loops and time delays. This tool 
allow to observe how the system reacts and behaves to 
these trends System dynamics utilizes various control 
factors such as feedback loops and time delays to observe 
how the system reacts and behaves to trends. System 
dynamics modeling is suited to policy and decision makers 
because it assists them in understanding complex and 
dynamic behavior. Figure 1 shows the methodology of 
system dynamics and its related stages. As all stages try to 
have feedbacks for system understanding, the main 
concentration of system dynamic is ‘‘system 
understanding’’ [Sushil, 1993]. Problem identification and 
definition is the first step in the system dynamics 
modeling. It is important to determine what are the 
problem and the objectives at the early stages. 
Determining where the problem stands and objectives are 
two issues that should be clearly described in this stage. 
The factors of this stage are data and information, 
experiences, and judgments. It follows the system 
conceptualization (second stage). It includes 
determination of boundaries, identification of causal 
relations, and policy framework (through a qualitative 
analysis). Two different diagrams are introduced and 
analyzed in the system conceptualization namely, policy 
structure diagram, and causal loop diagram. Diagrams 
help experts to give modelists a clearly overview of the 
research subject, making clear what is included and what is 
not from the model. A causal loop diagram is a causal 

chart that shows how interrelated variables affect each 
other. The diagram consists of nodes (variables) and their 
relationships (arrows). Relationship of two variables can 
be positive (+) or negative (-). This diagram and stock-
flow diagram (system dynamics model) play a key role in 
system dynamics modeling [Forrester, 1957]. A stock-flow 
diagram includes stocks (levels), flows (rates), connectors, 
and auxiliaries. Finding the mathematical equations and 
simulation is the third stage of system dynamics 
methodology. The analyst also needs to test the model’s 
reliability and validity in this stage. Policy/decision 
analysis is the next stage used to evaluate the system 
simulation outcome and plan appropriate policies. Finally, 
a policy/decision will be implemented in the real word. 

 

Figure 1: methodology of system dynamics 

 

1.1 Literature review 

In the past decades, a number of studies were 
conducted for planning energy management systems and 
controlling the associated GHG emissions at the city level. 
Traditional energy models usually use deterministic 
forecasts under a significant assumption: it is possible to 
precisely predict the evolution of the energy system. Most 
of them run with the aid of scenario analysis as a snapshot 
that describes a possible and plausible future, making it 
difficult to adequately manage the dynamical evolution 
and the intrinsic stochastic behavior of many vital 
elements inside the urban energy system.  

System dynamics is a powerful methodology and 
computer simulation modeling technique for framing, 
understanding, and discussing complex issues and 
problems, such us energy modeling. The system dynamics 
method was created by Professor Forrester of 
Massachusetts Institute of Technology (MIT) during the 
mid-1950s to help corporate managers improve their 
understanding of industrial processes. The technique is 
currently being used both in public and private sectors for 
policy analysis and design.  

System dynamics modeling has been used for strategic 
energy planning and policy analysis for more than thirty 
years. The story begins with the World Models conducted 
in the early 1970s by a group of MIT-researcher (Donnella 
et al., 1972). These models were developed to study the 
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“predicament of mankind” that is, the long term 
socioeconomic interactions that cause, and ultimately 
limit, the exponential growth of the world’s population 
and industrial output. In 1973, Roger Naill’s studied 
natural gas discovery and production adopting a system 
dynamics approach. He concluded that the production of 
US natural gas will depleted sometime in the late twentieth 
or early twenty-first century. Afterwards, Naill developed 
several models including COAL2 that dealt with US 
reliance on coal (Naill, 1975), and the model FOSSIL2 
which dealt with fossil fuels' effect on the US economy 
(Naill, 1977). 

In recent years, Chinese researchers have adopted 
system dynamics modeling to simulate the energy 
consumption and CO2 emission trends for the City of 
Beijing over 2005–2030 (Feng et al., 2012). They found 
that the key for carbon emission reduction activities of 
Beijing will be the change of energy structure from carbon 
rich fuel as coal to low-carbon fuel as natural gas. In 
addition to this study, in Fujia Li et al. (2012) a model for 
CO2 emission reduction in a traditional industry region 
(Liaoning Province) is built. By system dynamics 
approach, CO2 emission trend from 2009 to 2030 is 
simulated and emission reduction policies are improved to 
achieve the best performance. Widening the boundaries 
from city/regional scale to the national one, in Aslani et al. 
(2013) a system dynamics model for evaluating renewable 
energy policies on dependency is proposed. The model 
considers the role of diversification on dependency and 
security of energy supply in Finland. The authors managed 
to foresee that despite 7% electricity/heat consumption 
growth by 2020, dependency on imported sources will 
decrease between 1% and 7% on the defined scenarios. 

 

2 The modelling process 

This study provides an evaluation method for 
analyzing the effectiveness of energy efficiency policies for 
electricity/heat generation at urban level. In this paper 
three different energy-saving measures are considered:  

1. Upgrading to a high efficiency boiler (Initiative #1);  

2. Replacing of incandescent light bulbs with compact 
fluorescent lamps (Initiative #2); 

3. Improving public lighting by installing LED street 
lights (Initiative #3). 

Fig. 2 shows the inter-relations of the influencing 
factors in the frame of causal feedback loops (causal loop 
diagram).  

Among a number of variables within the subsystems 
of energy efficiency initiatives, only main variables that are 
related to our model are included in this diagram (Figure 
2). The main advantage of this kind of analysis is to 
understand the feedback structure of each variable related 
to the energy efficiency. According to Figure 2, policy 
making positively affects the incentives fund. When 
incentives fund of a city is increased, it will be possible to 
finance the three initiatives together (+). Increasing energy 
efficiency measures has a negative effect on energy 

consumption (-) from which depend total CO2 emission 
(+). This event is positively related to policy making again: 
when a high level of CO2 emission is reached, policy 
makers have to take measures to contrast the current 
trend. The negative feedback loop structure (-) at the 
centre of the diagram proves that policy making is 
counteracting CO2 emission by adopting energy saving 
measures.  

 

Figure 2: causal loop diagram 

 

2.1 Data resource 

The data used in this model mainly comes from the 
Sustainable Energy Action Plan of the municipality of 
Bari, the internal information provided by local decision 
makers to face energy issues. Demographic factors are 
from the National Institute of Statistics (ISTAT) and refer 
to the last population census. Energy savings data of the 
efficiency measures considered are from Italian Regulatory 
Authority for Electricity Gas (AEEG). The energy 
conversion efficient and CO2 emission factors are from 
the Baseline Emission Inventory Guidelines based on 
IPCC/LCA methodology.  

 

2.2 Stock-flow diagram 

Stock-flow diagram is the core of the model. It 
consists in the process of quantification and 
materialization of causal loop diagram. According to these 
considerations, the model is built by using VENSIM 
software (Figure 3). It is composed of 60 variables: 11 
level variables, 12 rate variables and 37 auxiliary variables. 
The parameters and simultaneous differential equations in 
the stock-flow diagram are defined formalizing the 
considerations in the previous paragraph. In the model, 
five sub-models can be identified: 

 Demographic sub-model (Core model). The total 
population can be divided into the registered 
permanent population (only birth and mortality) and 
migrant population. Considering one building for 
each household, residential buildings are evaluated 
(2.33 members of household).  
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Figure 3: the stock-flow diagram (conceptual map) of the model 

 

 Replacing boiler sub-model (Initiative #1 model). 
The sub-model allows to quantify natural gas savings 
for each boiler substitution. 

 Replacing incandescent lights sub-model (Initiative 
#2 model). Given electric power installation for 
lighting per building, the hours of operation and the 
increasing energy efficiency, residential energy 
savings are estimated. Eight years service life for 
fluorescent lamps and two steps of substitution are 
supposed. 

 Street lighting sub-model (Initiative #3 model). 
Given 11.52 inhabitants per street lamp, the 
population trend and a fixed installation rate, public 
electricity savings are estimated. The number of 
street lamps can increase with an increasing 
population, while respecting the previous constraint, 
but do not decrease with a decreasing population. 
This is due to security issues and quality of life 
standards. 

 Fund incentives sub-model (Budget model). Taking 
into consideration 15 [Mln €], it allocates annual 
budget to the three different energy saving 
initiatives. Unit costs (fluorescent lamp, high 
efficiency boiler and LED light bulb costs) are 
supposed constant.  

2.2 Simulation and results 

Utilizing the SD model, the possible trend of CO2eq 
emission from 2012 to 2037 (25 years) in the city of Bari 
has been simulated; then relevant policies of energy 
efficiency have been improved to achieve the 
maximization of GHG emission reduction. For this 
purpose, four alternatives and two different scenarios 
have been combined. Scenario 1 envisages the presence of 
an incentives fund to financially support initiatives; 
Scenario 2 takes into account the possible trend without 
incentives. For each scenario, the alternatives are: 

 Alternative 1: energy efficiency measures (Initiative 
1-2-3) are undertaken together; 

 Alternative 2: only Initiative #1 is carried out; 

 Alternative 3: only Initiative #2 is carried out; 

 Alternative 4: only Initiative #3 is carried out. 

The presence of an incentives fund sets a different rate 
of substitution for those initiatives involving private 
actions (Initiative #1 and #2). Private citizens will be 
encouraged to intervene if they are adequately supported 
by a dedicated fund. Vice versa only few of them will 
autonomously contribute to implement energy efficiency 
measures. Initiative #3 has a fixed installation rate, 
independent from the presence or absence of the fund. 
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Simulation results show policy making effectiveness: 
by financing together the initiatives is possible to obtain a 
GHG emission reduction of more than 30% compared 
with to those with a no-incentives policy. The best results 
are achieved in the first ten years with a cut of 50%. The 
reasons for this behavior are three. The first is that 
incentives fund exponentially decreases and it reaches 0 
[€] after 14 years (Figure 4). The second reason lies in the 
fact that population, and households as a consequence, 
begins to decrease starting from 2023 (Figure 5) because 
mortality rate exceeds birth rate after 11 years. The third is 
that the number of household who has already substituted 
their lamps or boilers is quickly saturating, so the 
advantages in terms of GHG emission reduction are 
growing more slowly.  

 

 

Figure 4: incentives fund trend under Alternative 1 

 

 

Figure 5: Demographic trends 

 

Figure 6 and 7 show the results of applying the four 
alternatives respectively for Scenario 1 and Scenario 2. 
Predictably, Alternative 1 under Scenario 1 gives the 
greatest advantages in terms of carbon footprint reduction 
with 35 [ktCO2] avoided after 25 years. The same 
alternative under Scenario 2 allows to avoid the emission 
of about 24 [kt] of CO2eq at 2037. Furthermore, it appears 
clearly that the most useful energy saving measure is 
Initiative #2. The substitution of incandescent lights 
contributes to 70%-80%, respectively for Scenario 1 and 
2, of total GHG avoided emission. It is, moreover, 
evident that Measure #1 (i.e. installation of a high-

efficiency boiler) needs incentives to take wing because of 
the significant unit cost per boiler. At last, Improving 
public lighting by installing LED street lights produces 
only improvements in energy saving processes compared 
with results achievable by financially helping households.  

 

 

Figure 6: total GHG avoided emissions for Scenario 1 

 

 

Figure 7: total GHG avoided emissions for Scenario 2 

 

Conclusion 

Through comparative analysis of four alternatives 
simulation results of the two scenarios considered, some 
conclusion are drawn as follows: 

 Energy saving measures in building private sector 
need a financial support to definitely spread. The 
policy making process is essential to allocate the 
right budget to each initiative. The results of 
simulation help policy makers to face this issue; 

 The results derivable from the improvements in 
building private sector are much greater than those 
from renovation of public lighting.  

 The presence of an incentives fund gives the best 
results in the early years. Thereafter, it is more 
appropriate to stop subsidizing these measures and 
diversify the portfolio of initiatives (e.g. the 
installation of solar panels or small wind turbines 
towards the energy self-sufficiency. 
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The future research will concern the integration of 
economic factors such as Gross Domestic Product (GDP) 
and the portfolio of initiatives (both in public and private 
sector) enlargement. 
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