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Abstract

:

Investing in the optimal measures for improving the energy efficiency of urban street lighting systems has become strategic for the economic, technological and social development of cities. The decision-making process for the selection of the optimal set of interventions is not so straightforward. Several criticalities-such as difficulties getting access to credit for companies involved in street lighting systems refurbishment, budget constraints of municipalities, and unawareness of the actual energy and economic performance after a retrofitting intervention-require a decision-making approach that supports the city energy manager in selecting the optimal street lighting energy efficiency retrofitting solution while looking not only based on the available budget, but also based on the future savings in energy expenditures. In this context, the purpose of our research is to develop an effective decision-making model supporting the optimal multi-period planning of the street lighting energy efficiency retrofitting, which proves to be more effective and beneficial than the classical single-period approach and has never before been applied to the considered public lighting system context. The proposed methodology is applied to a real street lighting system in the city of Bari, Italy, showing the energy savings and financial benefit obtained through the proposed method. Numerical experiments are used to investigate and quantify the effects of using a multi-period planning approach instead of a single-period approach.
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1. Introduction


Energy consumption for urban street lighting has assumed considerable importance in the energy and economic balance for many cities [1,2]. Public lighting systems are a major source of electricity consumption: at present 3.19% of global electricity generation is used for lighting. This amount is greater than production of all hydro or nuclear plants and equals the production from natural gas [3]. It is widely recognized that public lighting is a sector characterized by excessive and disproportionate energy consumption compared to the quality and functionality of the service offered to the citizen. This implies the need for tools to improve the energy performance of urban street lighting, such as new technologies, professionalism and analytical/design skills [4].



A study carried out by ENEA (the Italian National Agency for New Technologies, Energy and Sustainable Economic Development) reports that the “energy wastage” of urban street lighting systems in Italy currently accounts 30% of consumption on average [4]. This highlights the role and potential of energy efficiency processes of street lighting systems, not only in terms of environmental performance (due to reduction of energy consumption and emissions of CO2 into the atmosphere), but also in terms of economic and financial performance (due to the reduction of economic costs of bills, which today heavily burden municipal budgets).



The strategic role of the public lighting sector as a drive for the economic, technological and social development of cities justifies the increasing commitment of city authorities to energy efficiency and green energy public lighting systems. The European Community provides several policy tools in order to achieve these savings. One of the most important is the “Covenant of Majors” (4400 partners of which 2100 are Italian Municipalities) which groups local and regional European authorities, with these groups voluntarily committing to improving energy efficiency and the use of renewable energy sources on their territories [5].



The increasing attention reserved by practitioners and city authorities to the topic has been accompanied by the development of much research in the field. Most of the existing studies aim at developing optimization models for selecting the right energy efficiency measures among a set of alternatives, by looking at the whole street lighting system or even parts of it. Popa and Cepişcă [6] propose a consumption reducing solution based on an intelligent system for remote sensing and control with dimming technologies of HID (high-intensity discharge) lamps. Raciti et al. [7] develop a tool for an optimal lighting system design aiming at reducing both costs and distortion of the whole lighting system. Beccali et al. [1] investigate the effect of three strategies on the performance of street lighting systems: the first consists of adopting lighting controllers on each switchboard, the second of changing the existing lamps with LED (light-emitting diode) luminaires, and the third involves combining both of the previous strategies. Carli et al. [8] develop a multi-criteria decision-making tool to support the public decision maker in optimizing energy retrofit interventions on existing public street lighting systems. Cristea et al. [9] propose a multi-criteria decision-making approach for selecting optimal technical and economic solution for public lighting system. Beccali et al. [10] propose a multi-objective methodology (including lighting, energy and economic parameters) for street lighting systems refurbishment evaluation in small/medium sized Italian towns.



By looking at the decision-making process for the selection of the set of interventions to improve the energy efficiency of a street lighting system, it is possible to highlight some criticalities, such as: difficulties in gaining access to credit by companies involved in the refurbishment of lighting systems in cities [11,12], budget constraints of municipalities [13], and unawareness about the actual energy and economic performance (e.g., reduction of energy consumption, savings, etc.) reached after the retrofitting intervention [14]. All these aspects favor the adoption of a multi-period planning approach, i.e., a decision-making approach that selects the optimal street lighting energy efficiency retrofitting solution looking not only at the available budget, but also at the future savings in energy expenditures that could be used to accumulate cash to invest in other technologies or subsequent interventions on the system. While multi-period planning approaches have been studied in different contexts, such as public buildings [15,16], water distribution networks [17], waste management [18], and technology projects [19], to the best of the authors’ knowledge, the related literature lacks studies focusing on this approach in the public street lighting system, which obviously has its own peculiarities compared to other sectors [8]. The purpose of our research is therefore to develop an effective decision-making model supporting the optimal multi-period planning of the street lighting energy efficiency retrofitting. The main contribution of the paper is therefore a methodology that does not optimize “one-off” interventions on the public street lighting system, but rather defines a plan of retrofitting interventions which exploits the initial budget available for the investment as well as the financial or environmental benefits and savings obtained after the implementation of energy efficiency measures. The application of the proposed methodology to a real street lighting system in the city of Bari, Italy, shows the energy and financial savings obtained by using a multi-period planning approach instead of a single-period approach. The results demonstrate the importance not only of improving the energy system performance with one-off interventions on the lighting system, but also of the continuous improvement of the system for ensuring its sustainability.




2. The Proposed Methodology


This section states the optimization problem aimed at determining the optimal multi-period energy retrofit planning for an existing street lighting system. The problem formulation is preceded by the modeling of the street lighting system and is framed into the description of the entire decision making procedure that is performed by the street lighting manager.



2.1. System Model and Decision Design


An urban street lighting system is typically widespread, with a huge number of lighting points and an extensive power and communication and control network. Consequently, it is generally composed of a set of subsystems, which reproduce the lighting conditions in the street/road segments pertaining to adjacent urban zones. All the lighting units related to a given subsystem are supplied by a power substation and are automatically regulated by a control unit.



The actual decision making is preceded by a decision design preparatory phase that comprises the analysis of the street lighting current conditions as well as the definition and characterization of appropriate retrofitting interventions, in the compliance with the norms and standards. This phase is performed by the decision maker in conjunction with technical experts on a zone by zone basis.



First, the total energy savings achieved implementing the candidate refurbishment interventions plan is identified as the optimization criterion, since commonly used for assessing the energy performance of road lighting [20]. Subsequently, an on-site audit activity is performed. For each zone lighting subsystem, a diagnosis activity is conducted to evaluate the characteristics of interest, i.e., the classification and enumerations of deployed lighting units, and their parameters. The completion of the diagnosis phase allows estimating of the ex-ante status of the whole street lighting system.



Successively, the assessment of appropriate refurbishment interventions is conducted. This activity implies an individual feasibility analysis in all the zone lighting subsystems, since each generally shows unique features, thus requiring customized retrofit measures. The outcome of such an activity is the set of possible interventions to be implemented in the given existing street lighting system, denoted as J={1,…,j,…,J}. We assume that the street lighting system satisfies the minimal technical requirements (e.g., photometric features) and all the retrofit measures to be implemented do not hinder the attainment of these technical requirements, while improving energy savings. Subsequently, each retrofit measure is characterized by three parameters: the application potential, the cost, and its payoff.



The application potential of an intervention is defined as the metric concerning the maximum extension of the intervention implementation. For instance, in case of replacement of lighting units, the application potential consists in the number of units to be replaced, measured in pieces. Denoting the application potential of the jth action as uj, we collect the application potentials of all the actions j=1,…,J in a column vector u=(u1,…,uj,…,uJ).



The cost of each intervention is modeled in accordance with a linear pricing model. Therefore, denoting as cj the current unitary cost of the jth action, we collect all the unitary costs in a column vector c=(c1,…,cj,…,cJ).



The payoff of the generic intervention is defined as the per-period energy saving that the application of the specific action is expected to produce on the street lighting system. The payoff of each action is also modeled in accordance with a linear model. Therefore, denoting as pj the payoff of the jth action, we collect all the current unitary payoffs in a column vector p=(p1,…,pj,…,pJ). For instance, in case of the replacement of the aforementioned lighting units, the yearly energy consumption reduction per replaced lighting unit (measured in kWh/year) is assessed as pj=γ−γ′, where γ and γ′, are the nominal energy consumptions of lighting units of a given type before and after the luminaire replacement, respectively.




2.2. Optimization Problem Formulation


We consider both the single- and the multi-period optimization settings. In the single-period case, the energy manager aims at determining the optimal set of energy retrofit actions to be implemented all at once in the current period (“one-off” interventions)-denoted as k=1 —to maximize the energy saving for a given initial investment. In the multi-period case, the implementation of retrofitting interventions is spread over time and leverages the financial refunding that results from recurrent energy cost savings resulting from the preceding periods. Consequently, the energy manager aims at identifying the optimal energy retrofit actions to be implemented over all the periods-denoted as ordered sequence K=(1,…,k,…,K)-to maximize the total energy saving for a given initial investment.



2.2.1. Retrofit Planning in a Single-Period Setting


The single-period decision model relies on several decision variables, reflecting the choices on the retrofitting interventions to be implemented in the existing street lighting system at the beginning of the current period k=1. Let x1=(x11,…,x1j,…,x1J) denote the column vector of integer decision variables, reflecting the quantitative choices on retrofit actions implementation. For instance, if action j denotes the deployment of energy harvesting modules, x1j represents the quantity of modules to be deployed in the given street lighting system at the beginning of the current period k=1. All the variables are lower bounded by zero (i.e., no intervention) and are upper bounded by the application potential of the given intervention. Indicating by 0J the J-dimensional zero column vector, we introduce set χ to compactly define the decision space:


χ={x1∈ℕJ,  0J≤x1≤u}.



(1)







Furthermore, the choice of the decision variables is constrained by the financial resources limitation. Assuming that different actions produce additive effects on cost and calling b the budget allocated to the retrofit actions plan of the whole system at the beginning of the planning phase, the following inequality must be satisfied:


∑j=1Jcjx1j=cTx1≤b.



(2)







In addition, the objective function, to be maximized, is the total energy saving achieved at the end of the current period. Assuming that different actions produce additive effects on payoff, the objective function is defined by summing the payoffs resulting from implementing all the planned actions in the given street lighting system:


f1(x1)=∑j=1Jpjx1j=pTx1.



(3)







Summing up, the optimization problem aimed at selecting the optimal energy retrofit of an existing street lighting system turns into determining the J integer decision variables in x1 to maximize the linear objective function in (3) and satisfy the 2J bounding constraints (1) and the inequality constraint (2):


maxx1∈χ pTx1s.t. cTx≤b.



(4)







Problem (4) is a linear integer programming problem, also known as integer mono-constrained Knapsack problem [21]. A nontrivial solution of (4) can be determined by exact methods (e.g., the branch and bound method) or heuristic approaches (e.g., greedy algorithms) [21].




2.2.2. Retrofit Planning in a Multi-Period Setting


The multi-period decision model aims at identifying the optimal retrofitting interventions to be separately implemented at the beginning of the K time periods. To this aim, K column vectors of non-negative integer decision variables xk=(xk1,…,xkj,…,xkJ) (k=1,…,K) are defined to reflect the quantitative choices on the retrofitting interventions implementation over the given planning horizon. For instance, if action j denotes the deployment of energy harvesting modules, xkj represents the quantity of modules to be deployed at the beginning of time interval k. All the decision variables are lower bounded by zero (i.e., no intervention) and are upper bounded by the application potential of the given intervention:


xk∈χ,  k=1,…,K.



(5)







In addition, K column vectors of supporting integer variables zk=(zk1,…,zkj,…,zkJ) (k=1,…,K) are introduced to define the cumulative quantities of retrofitting interventions implemented along the time horizon. For instance, zkj represents the quantity of action j deployed up to the time interval k:


zkj=∑i=1kxij, k=1,…,K,j=1,…,J.



(6)







It is apparent that also the above defined supporting variables are lower bounded by zero (i.e., no intervention) and are upper bounded by the application potential of the given interventions:


zk∈χ,  k=1,…,K.



(7)







Furthermore, differently from the single-period setting, the multi-period planning implies considering time-varying pattern for energy savings and retrofit action costs [22]. As for energy savings, we assume that the performance of the energy efficiency retrofits can deteriorate subject to usage of the retrofitted items. Denoting pk=(pk1,…,pkj,…,pkJ) (k=1,…,K) as column vectors of unitary payoffs over the planning horizon, we model the payoff dynamics as follows:


p1=p,  pkj=g(p)(p(k−1)j),  k=2,…,K, j=1,…,J



(8)




where g(p)(·) is the payoff variation model function.



As for retrofit action costs, denoting ck=(ck1,…,ckj,…,ckJ) (k=1,…,K) as column vectors of unitary costs related to retrofit actions as implemented along the planning horizon, we model the cost dynamics as follows:


c1=c,  ck=g(c)(ck−1),  k=2,…,K



(9)




where g(c)(·) is the cost variation model function.



The choice of the decision variables over the given planning horizon is constrained by the financial resources limitation. Hence, the following set of inequalities must be satisfied:


∑j=1Jckjxkj=ckTxk≤bk, k=1,…,K



(10)




where bk denotes the budget allocated to the retrofit actions plan of the whole system at the beginning of time period k. At the first time interval, the entire initial investment budget can be used (i.e., b1=b), whilst in the succeeding time intervals the available budget is determined in accordance with cash-flow dynamics:


b1=b



(11)






bk=(bk−1−ck−1Txk−1)(1+rk−1)+sk−1Tzk−1, k=2,…,K.



(12)




where rk denotes the interest rate at time interval k, and sk=(sk1,…,skj,…,skJ) (k=1,…,K) are column vectors collecting all the energy cost savings achieved during time interval k for each retrofit action (specifically, skj is the energy cost saving achieved during time period k in case retrofit action j is implemented no later than the beginning of time period k). Note that budget bk in Equation (12) is obtained by summing two contributions. The first one (i.e., (bk−1−ck−1Txk−1)(1+rk−1)) represents the budget portion that has not been used in the preceding period (k−1) and is properly revalued based on the corresponding interest rate rk−1. The second contribution in (12) (i.e., sk−1Tzk−1) represents how monetary savings in energy expenditure in preceding periods are accumulated as financial resources to be subsequently invested in further retrofit interventions. Note that, denoting by e=(e1,…,ek,…,eK) the column vector of unitary energy prices over the planning horizon, sk is straightforwardly determined by multiplying the energy savings pk at time interval k by the corresponding unitary energy price ek:


sk=ekpk,k=1,…,K.



(13)







In addition, in the proposed multi-period planning model, the objective function to be maximized is the total energy saving achieved at the end of the last period and is defined by summing the payoffs that result from implementing all the planned actions in the given street lighting system along the whole planning horizon:


fK(x1,…,xk,…,xK)=∑k=1K∑j=1Jpkj∑i=1kxij=∑k=1K∑j=1Jpkjzkj=∑k=1KpkTzk.



(14)







Summing up, the optimization problem aimed at selecting the optimal energy retrofit of an existing street lighting system turns into determining the 2KJ integer variables in x1,…,xk,…,xK, z1,…,zk,…,zK to maximize the linear objective function in (14) and satisfy the 4KJ bounding constraints (5) and (7), the KJ equality constraints in (6), and the K inequality constraints in (10)–(12):


maxx1,…,xk,…,xK,z1,…,zk,…,zK ∑k=1KpkTzks.t. (5)–(7), (10)–(12)



(15)







Problem (15) is a linear integer programming problem, also known as an integer multi-constrained Knapsack Problem [21]. Analogous optimization models are proposed to select independent projects over multiple time periods [19] and to determine the optimal energy retrofit for buildings [15].






3. Experimental Results


The effects of using a multi-period approach instead of a single-period approach are investigated in the context of the street lighting energy retrofit planning in Bari, the capital city of the Apulia region (southern Italy). Supported by European Community funding, Bari is currently implementing a sustainable action plan aimed at the reducing CO2 and increasing energy efficiency across all the urban areas and sectors through the use of smart city enabling technologies, particularly smart governance decision support tools [23,24]. In this context, we focus on the strategic energy management of the public street lighting system, where the city energy manager has been addressing the following typical planning problem: selecting a set of retrofit actions over a pre-defined planning horizon to improve the energy savings of a district public street lighting system, given an initial investment budget.



3.1. Set-Up of Experiments


Specifically, we refer to the San Paolo district, one of the largest urban areas of Bari (Italy). The considered street lighting system is powered by 34 low-voltage power sub-stations through single-phase AC circuits spread over the district. The entire system consists of approximately 48 km of low-voltage power lines, which feeds in total 1879 lighting units, whose nominal power ranges between 70 W and 500 W [25]. Most power lines are laid in underground pipes, whilst most lighting units are deployed as luminaires mounted on steel conical poles/brackets. A lighting management system, also equipped with dimming functionalities, takes care of monitoring and controlling all the unit operations. The total power of the system is around 488 kW and its yearly energy consumption is around 2 GWh [25]. Table 1 reports the outcome of the diagnosis phase: 24 types of lamps are totally installed, classified into the following five categories: high-pressure sodium vapor lamp (HPS); metal halide lamps (MH); low-pressure mercury vapor lamps (Hg_LP); mercury mixed-light lamps (Hg_ML); metal halide projectors (MH_pr); high-pressure sodium vapor floodlights (HPS_pr). As a further outcome of the decision design phase, we identify two class of retrofitting actions in the compliance with road lighting norms and standards [26,27,28]: replacement of old lamps with well-suited LED lamps and installation of energy harvesting modules (EHM) compatible to lighting unit characteristics. Several street lighting LED luminaires are nowadays available on the market, given remarkable advantages of LED technologies in terms of reduction in electrical energy consumption due to their high efficiency and in maintenance costs due to their long lifetime [29]. Hence, for each lighting unit type in the existing street lighting system, we select a new LED luminaire having the same photometric features, but characterized by a lower installed power. Similarly, energy savings could be realized by equipping street lighting units with EHMs (systems that store the energy from natural resources—typically photovoltaic panels-in rechargeable batteries) [30]. Consequently, for each lighting unit type we select a compatible EHM. For all the candidate actions, the compliance with the existing light management system is verified. Table 2 reports the complete list of retrofitting actions (in total J = 48 actions, i.e., 24 actions for each class), including the current energy savings (in kWh/year) and costs (in €), whilst application potentials are straightforwardly inferable from Table 1. Estimates of current energy savings and costs in Table 2 are based on data sheets for urban lighting products [31] and on updated prices for public works in the Bari city area [32]. As regards the energy savings variation over the planning horizon, we assume that payoffs do not significantly change, i.e., the model function in (8) corresponds to the identity mapping:


p1=p,  pk=pk−1,  k=2,…,K.



(16)







As for the costs variation over planning horizon, we assume that costs grow at a constant inflation rate, i.e., the model function in (9) corresponds to the revaluation by a fixed rate φ=2%:


c1=c,  ck=(1+φ)ck−1,  k=2,…,K.



(17)







Finally, we set the current unitary energy price to be equal to the electricity price (taxes included) for non-household medium size consumers (i.e., annual consumption within the range of [500, 2.000] MWh) in the first half 2018 in Italy [33]: e1 = 0.1642 (€). Furthermore, we assume that the variation of unitary energy price over planning horizon is negligible, as occurred to the average electricity price (taxes included) for non-household medium size consumers in Europe since first half of 2016 [33]. Therefore, we set ek=e1, k=2,…,K. Finally, we assume that the interest rate is constant, specifically rk = 2%, k=1,…,K.




3.2. Energy Retrofit Results and Discussion


In this case study, we first give the analysis of this case in a single-period setting, and then extend the single-period model to a multi-period model considering different cases of analysis until K = 30 years. The single-period energy retrofit planning problem (4) presents 48 integer variables, 96 bounding constraints, and 1 inequality constraint, whilst the multi-period energy retrofit planning problem (15) presents 96 K integer variables, 192 K bounding constraints, 48K equality constraints, and K inequality constraints. The analysis of the widest planning horizon (i.e., K = 30) implies solving a problem with 2880 variables, 5760 bounding constraints, 1440 equality constraints, and 30 inequality constraints. In both settings, the problem is implemented and solved in the MATLAB environment integrated with IBM ILOG CPLEX Optimization Studio [34]. All the presented computations are executed on a PC equipped with a 4.0 GHz Intel Core i7 CPU and 16 GB RAM. The computational times are less than 1 minute in all the cases.



Figure 1 compactly reports the results of the planning problem in terms of retrofit actions in the case of initial investment budget b = 30,000.00 (€) for both single- and multi-period (with K = 20 years) setting. Figure 1a shows the quantities of actions to be deployed normalized with respect to the application potentials. Conversely, Figure 1b shows the cumulative quantities of actions to be deployed, normalized with respect to the application potentials over the planning horizon. As expected, from Figure 1 it is evident that using a multi-period planning approach is more convenient than the single-period approach. In fact, after the initial investment, the subsequent savings in energy expenditures are used to accumulate cash to invest later in further energy retrofit actions, generating a beneficial snowball effect. More in detail, the single-period retrofit plan consists in implementing a limited set of actions (namely, retrofit actions j∈{11,15,18,19,20,21,22, 28}) in Table 2, whilst the multi-period retrofit plan allows implementing a wider set of actions (namely, in addition retrofit actions j∈{1,6,26,27,31,32,36,37,42,45}) in Table 2. Specifically, the obtained multi-period retrofit planning consists of replacing a total of 379 luminaries with compatible LED lamps and installing a total of 926 EHMs, whilst the single-period retrofit planning consists of replacing 34 luminaries with compatible LED lamps and installing 1 EHM only.



To compare results in terms of overall achieved energy savings, and ensure the equality of conditions in the single- and multi-period setting, we consider an identical time window in both cases. Hence, we compare the total energy savings obtained by the multi-period optimization over the planning horizon K and the cumulative energy savings obtained by extrapolating the energy savings achieved by the single-period optimization in the initial period throughout the whole analysis time window K. Denoting x1∗,…,xk∗,…,xK∗ as the optimal retrofit plan computed by the multi-period approach—i.e., a solution of optimization problem (12)—the total energy savings achieved over the planning horizon K is expressed as:


ESKm=∑k=1K∑j=1Jpkj∑i=1kxij∗



(18)




where pk (k=1,…,K) are the unitary payoff vectors estimated in accordance with (16). On the other hand, in case of single-period planning, denoting x1^—i.e., an optimizer of (4)—the total energy saving achieved at the end of time period K is computed as follows:


ESKs=∑k=1KpkTx1^.



(19)







Figure 2 shows the energy savings over the analysis time window achieved by the single- and multi-period retrofit planning for different initial investment budgets. It is apparent that the multi-period planning produces significantly higher energy savings for the same initial investment budget. For instance, the initial budget b = € 10,000.00 yields a total energy saving of 0.7 MWh in K = 30 years by using the single-period retrofit planning. This equals about one twentieth of the total energy savings achieved in the same time window for the same initial budget by using the multi-period retrofit planning (16 MWh). Finally, Figure 2 shows (as expected) that the deviation between results in the single- and multi-period planning is more marked for longer planning windows and lower initial investment budgets.



In order to further highlight the advantages of using a multi-period retrofit optimization approach over a single-period method, we also compare the net present values (NPVs) of the financial gains achieved when single- and multi-period retrofit planning techniques are used to maximize the energy savings. Indeed, NPV is used in the budgeting and investment planning phase as one of the most common profitability indexes for investment projects [35]. It is defined as the difference between the present value of cash inflows and the present value of cash outflows over a period of time [36]. Therefore, in the two cases of single- and multiple-time periods, NPVs are expressed as follows, respectively:


NPVKs=(b−cTx1^)+∑k=1KskTx1^∏i=1k(1+ri)−b



(20)






NPVKm=(bK−cKTxK)(1+rK)+sKTzK∏k=1K(1+rk)−b.



(21)




where ck and sk (k=1,…,K) are the unitary cost and cost energy savings vectors estimated by the corresponding models (9) and (13), and rk (k=1,…,K) denotes the interest rate at time interval k.



Figure 3 shows the NPVs achieved by the single- and multi-period retrofit planning for different initial investment budgets. It is apparent that, considering a short planning horizon K (i.e., less than 20, 24, and 26 years for an initial investment budget b equal to €10,000.00, €30,000.00, and €50.000.00, respectively), the single-period approach has a higher NPV than the multi-period planning. This is caused by the fact that in the multi-period planning approach, the energy cost savings are invested in further retrofit actions. Conversely, substantial savings are obtained in the remaining part of the planning horizon in the multi-period approach. Hence, exceeding the above identified break point, the multi-period planning produces significantly higher NPVs for the same initial investment. For instance, the initial budget b = € 10,000.00 yields NPVs equal to € 75,000.00 considering a time analysis window of K = 30 years by using the single-period retrofit planning. This results about half the NPVs that are achieved considering the same time window for the same initial budget by using the multi-period retrofit planning (€ 150,000.00). Finally, Figure 3 shows that the deviation between results obtained in the single- and multi-period planning is more marked for longer planning windows and lower initial investment budgets.



The above numerical experiments carried out by varying the time horizon demonstrate that, while staging the interventions on the system may be a valuable strategy which allows savings to be obtained in several cases to (either energetical or economical), it might not be the best approach when the time horizon decreases. Hence, a proper assessment of the right strategy needs to be performed on a case by case basis.





4. Conclusions and Future Works


Given the considerable importance of consumption for urban street lighting in the energy and economic balance for many cities, in this work we focus on the selection of the optimal set of energy efficiency retrofitting interventions on public street lighting systems. Contrarily to classical approaches which optimize “one-off” interventions, our methodology defines a plan of retrofitting interventions which exploits the initial budget available for the investment as well as financial or environmental benefits and savings resulting from the implementation of energy efficiency measures. The application of the proposed methodology to a real street lighting system in the city of Bari, Italy, highlights the energy savings and financial benefits obtained by the multi-period planning instead of the classical single-period approach.



The contribution of the present research is twofold. First, we advance the existing literature on public street lighting by addressing a new topic, namely the multi-period approach for the development of the optimal plan of energy retrofitting interventions in urban street lighting. Second, we equip the city authorities in charge of energy efficiency and green energy for public lighting systems with a straightforward tool for defining the optimal plan of interventions focusing on the lighting system. In fact, a merit of the developed approach is its generalizability to different types of optimization criteria. Whilst in the current model we choose the total energy savings as the optimization criterion, an interesting development of the research can be to apply the retrofit decision-making model to optimize other indicators commonly used for assessing the energy performance of road lighting, and compare the insights that the model provides in these different scenarios.



This study is not without limitations. First, one can observe that input data frequently suffers from estimation uncertainties, and sometimes even very small errors could make the “optimal” retrofit solution irrelevant from the financial and environmental convenience perspective. Future research will be devoted to include uncertainty into the analysis. Second, public lighting systems are complex systems where retrofitting interventions produce a variety of consequences, related to economic, energy, environment and quality of life factors. Further research will address this issue by extending the analysis to a multi-objective problem. Third, the proposed approach has been developed from the standpoint of the public party who is in charge of the energy efficiency of lighting systems. Actually, very often, due to lack of expertise in public authorities and budget constraints, such interventions are carried out through innovative forms of collaboration with private parties (e.g., Energy Service Companies, typically called ESCOs), namely through public-private partnerships. Further work may also be done in this direction in order to include the two perspectives (i.e., public and private) in the model, thus providing a tool that is able to support the parties in the negotiation and contract design phases. Finally, one may observe that results and implications are derived from a specific and simple case study (where only LED and EHM are considered), since we assume that different retrofit actions produce additive effects on payoff and cost (i.e., we consider a linearly-constrained linear programming in the model). Actually, this limitation is only apparent, since the model can be easily generalized to complex cases with other objective and constraint functions to deal with the eventual and more complex refurbishment actions that would produce combined non-linear effects on the analyzed street lighting system.
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Figure 1. The cumulative energy savings over time intervals achieved by single- (a) and multi-period (b) retrofit planning for an initial investment budget b = € 30,000.00. 
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Figure 2. The cumulative energy savings over time intervals achieved by single- and multi-period retrofit planning for different initial investment budgets: (a) b = € 10,000.00, (b) b = € 30,000.00, and (c) b = € 50,000.00. 
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Figure 3. The NPVs over time intervals achieved by single- and multi-period retrofit planning for different initial investment budgets: (a) b = € 10,000.00, (b) b = € 30,000.00, and (c) b = € 50,000.00. 
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Table 1. Number of luminaries, for each type, installed in the case study street lighting system.
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Luminaries Types




	

	
400W

	
250W

	
150W

	
100W

	
70W

	
400W

	
250W

	
150W

	
100W

	
70W

	
400W

	
250W

	
125W

	
80W

	
500W

	
250W

	
160W

	
300W

	
150W

	
70W

	
400W

	
250W

	
150W

	
70W




	

	
HPS

	
HPS

	
HPS

	
HPS

	
HPS

	
MH

	
MH

	
MH

	
MH

	
MH

	
Hg_LP

	
Hg_LP

	
Hg_LP

	
Hg_LP

	
Hg_ML

	
Hg_ML

	
Hg_ML

	
MH_pr

	
MH_pr

	
MH_pr

	
HPS_Pr

	
HPS_Pr

	
HPS_Pr

	
HPS_Pr




	

	
t1

	
t2

	
t3

	
s4

	
t5

	
t6

	
t7

	
t8

	
t9

	
t10

	
t11

	
t12

	
t13

	
t14

	
t15

	
t16

	
t17

	
t18

	
t19

	
t20

	
t21

	
t22

	
t23

	
t24




	
Number

	
256

	
715

	
588

	
15

	
2

	
8

	
10

	
38

	
5

	
64

	
89

	
32

	
16

	
6

	
2

	
2

	
4

	
5

	
5

	
2

	
1

	
11

	
1

	
2
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Table 2. Costs and payoffs of retrofit actions.
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	Identifier-j
	Description
	Payoff

[kWh/yr]-pj
	Cost [€]-cj
	Identifier-j
	Description
	Payoff

[kWh/yr]-pj
	Cost [€]-cj





	1
	replacement of t1 with compatible LED lamp
	667.5
	1400.00
	25
	installation of t1 compatible EHM
	250.00
	700.0



	2
	replacement of t2 with compatible LED lamp
	333.8
	1120.00
	26
	installation of t2 compatible EHM
	200.00
	500.0



	3
	replacement of t3 with compatible LED lamp
	175.2
	980.00
	27
	installation of t3 compatible EHM
	200.00
	500.0



	4
	replacement of t4 with compatible LED lamp
	100.1
	840.00
	28
	installation of t4 compatible EHM
	100.00
	300.0



	5
	replacement of t5 with compatible LED lamp
	70.1
	840.00
	29
	installation of t5 compatible EHM
	100.00
	300.0



	6
	replacement of t6 with compatible LED lamp
	834.4
	1700.00
	30
	installation of t6 compatible EHM
	250.00
	700.0



	7
	replacement of t7 with compatible LED lamp
	417.2
	1360.00
	31
	installation of t7 compatible EHM
	200.00
	500.0



	8
	replacement of t8 with compatible LED lamp
	219.0
	1190.00
	32
	installation of t8 compatible EHM
	200.00
	500.0



	9
	replacement of t9 with compatible LED lamp
	125.2
	1020.00
	33
	installation of t9 compatible EHM
	100.00
	300.0



	10
	replacement of t10 with compatible LED lamp
	87.6
	1020.00
	34
	installation of t10 compatible EHM
	100.00
	300.0



	11
	replacement of t11 with compatible LED lamp
	1168.2
	1900.00
	35
	installation of t11 compatible EHM
	250.00
	700.0



	12
	replacement of t12 with compatible LED lamp
	584.1
	1520.00
	36
	installation of t12 compatible EHM
	200.00
	500.0



	13
	replacement of t13 with compatible LED lamp
	219.0
	1140.00
	37
	installation of t13 compatible EHM
	100.00
	300.0



	14
	replacement of t14 with compatible LED lamp
	140.2
	1140.00
	38
	installation of t14 compatible EHM
	100.00
	300.0



	15
	replacement of t15 with compatible LED lamp
	1251.6
	1800.00
	39
	installation of t15 compatible EHM
	250.00
	700.0



	16
	replacement of t16 with compatible LED lamp
	500.6
	1440.00
	40
	installation of t16 compatible EHM
	200.00
	500.0



	17
	replacement of t17 with compatible LED lamp
	280.4
	1260.00
	41
	installation of t17 compatible EHM
	200.00
	500.0



	18
	replacement of t18 with compatible LED lamp
	751.0
	200.00
	42
	installation of t18 compatible EHM
	200.00
	500.0



	19
	replacement of t19 with compatible LED lamp
	438.1
	100.00
	43
	installation of t19 compatible EHM
	200.00
	500.0



	20
	replacement of t20 with compatible LED lamp
	184.0
	90.00
	44
	installation of t20 compatible EHM
	100.00
	300.0



	21
	replacement of t21 with compatible LED lamp
	834.4
	800.00
	45
	installation of t21 compatible EHM
	250.00
	700.0



	22
	replacement of t22 with compatible LED lamp
	417.2
	640.00
	46
	installation of t22 compatible EHM
	200.00
	500.0



	23
	replacement of t23 with compatible LED lamp
	187.7
	480.00
	47
	installation of t23 compatible EHM
	200.00
	500.0



	24
	replacement of t24 with compatible LED lamp
	87.6
	480.00
	48
	installation of t24 compatible EHM
	100.00
	300.0
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