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Abstract

:

The implementation of building retrofitting processes targeting higher energy efficiency is greatly influenced by the investor’s expectations regarding the return on investment. The baseline of this work is the assumption that it is possible to improve the predictability of the post-retrofit scenario, both in energy and financial terms, using data gathered on how a building is being used by its occupants. The proposed approach relies on simulation to estimate the impact of available energy-efficient solutions on future energy consumption, using actual usage data. Data on building usage are collected by a wireless sensor network, installed in the building for a minimum period that is established by the methodology. The energy simulation of several alternative retrofit scenarios is then the basis for the decision support process to help the investor directing the financial resources, based on both tangible and intangible criteria. The overall process is supported by a software platform developed in the scope of the EnPROVE project. The platform includes building audit, energy consumption prediction, and decision support. The decision support follows a benefits, opportunities, costs, and risks (BOCR) analysis based on the analytic hierarchy process (AHP). The proposed methodology and platform were tested and validated in a real business case, also within the scope of the project, demonstrating the expected benefits of alternative retrofit solutions focusing on lighting and thermal comfort.
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1. Introduction


Over the last decade, there has been an increased emphasis on energy efficiency and reducing greenhouse gas emissions in a variety of application domains, including the building sector. However, according to the International Energy Agency [1], to meet the ambitious target of carbon neutrality by 2050, all new buildings and 20% of the existing building stock would need to be zero-carbon-ready as early as 2030. In general, buildings have reduced their energy intensity (energy use per surface area) since 2010. However, the global energy intensity in the buildings sector needs to decrease five times faster over the next decade than it has done in the last five years to reach the Net Zero Emissions (NZE) scenario in 2050.



Through the adoption of the European Commission’s Energy Performance of Buildings Directive [2], European energy policy has given a clear direction to energy conservation and the development of indoor environmental quality in buildings. As a result, major efforts have been undertaken to design, operate, and maintain energy-efficient and ecologically sensitive buildings. There have also been some studies on the development of decision support systems for environmental management [3,4].



Driven by existing emission reduction policies, energy efficiency investments in buildings received a boost in 2020 with an 11% growth compared to 2019, and another in 2021. Despite this recent increase in energy efficiency investments, spending needs to triple by 2030 relative to the averages of the last half-decade to meet the NZE milestones of reaching deep energy retrofit rates of c.a. 2.5% per year by 2030, and to ensure that new buildings constructed over the next decade meet high efficiency standards [5]. Furthermore, it is generally accepted that energy efficiency is the most cost-effective path to a cleaner future [6,7].



In this context, a crucial issue for investors in the buildings retrofitting sector is to identify the most appropriate solutions to adopt. The aim of this work is to contribute to improving the overall energy efficiency of buildings undergoing retrofitting processes by maximizing the impact of the available investment resources. As such, this work is guided by the following research question:


What could be a suitable decision-support mechanism to assist investors in identifying energy-efficient solutions for buildings retrofitting that can maximize the impact of invested resources?







The goal is to provide a decision-support tool that helps investors—infrastructure owners or facility managers—determine which set of alternative options to allocate their capital, maximizing both the energy intensity of the building and the return on investment. The suggested technique, developed as part of the EnPROVE project [8], assists investors in undertaking a financial analysis of a prospective list of retrofit scenarios and include both physical and intangible variables in the decision-making process. The list of retrofit scenarios is created based on building specifications, tenant consumption, and an energy assessment.



The baseline hypothesis is that the data collected on how a building is used by its occupants will improve the accuracy of energy consumption prediction once the available specific energy-efficient technologies, including control solutions, are installed. In fact, it has been identified that the behaviour of building occupants is one of the most important aspects, at the same level as the efficiency of equipment, to achieve energy-efficient buildings [9,10].



The suggested method takes a new approach by not only measuring energy usage, but also collecting outdoor and indoor environmental data, which allow the identification of cause–effect relationships between occupant behaviour and its impact on energy consumption. Furthermore, it advances by identifying appropriate energy-efficient technology that can help to increase the energy efficiency of buildings without significantly affecting or decreasing the comfort level in its use.



This work comes in line with the new trends reflected in Industry 5.0 and Society 5.0 where the human factor is integrated as a part of the general intelligence of the system and emerging solution, or more appropriately human-centric intelligent systems, and less as a workforce resource for the tasks that cannot be yet replaced by machines [11]. Industry 5.0, which was proposed by the European Commission as an extension to the ongoing 4th industrial revolution [12], emphasizes sustainability aspects (which include energy efficiency), human-centric and resilient systems. Whereas Industry 4.0 was often perceived as “technology-driven”, Industry 5.0 is more “value-driven” [12]. Similarly, the vision for a Society 5.0, first proposed in Japan [13,14], also emphasizes human-centric super-smart systems, and the aim of a good balance of economic development in response to social/societal problems, where sustainability deserves a key position. On a more general level, most contemporary research agendas are influenced by the Strategic Development Goals of the United Nations 2030 Agenda [15], which includes a specific goal (Goal 7) to “ensure access to affordable, reliable, sustainable and modern energy for all”. For this objective to be achieved, good attention should certainly be paid to building retrofitting.



The innovative aspects of this work include:




	
A simulation-based decision-support tool to convince investors about the profitability of energy-efficient solutions, thus promoting energy efficiency by channelling more capital resources to the most efficient technologies.



	
Taking into account observed user behaviour by measuring it with a wireless sensor network, in addition to the usual prescribed solutions and respective return-on-investment.



	
Merging different tangible and intangible criteria and stakeholders (e.g., from the energy manager to the architect, under a human-centric perspective) in the decision-making approach.



	
Being open to a wide range of energy efficiency measures and technologies, including solutions for lighting, thermal comfort, air quality, mobility, energy production, and control systems.








The remaining parts of this article are organized as follows: Section 2 introduces the proposed solution in general terms; Section 3 and Section 4 describe the decision-making approach and methodology, respectively; Section 5 discusses the experience of applying the proposed solution in a real business case study, highlighting the main findings; and finally, Section 6 presents some conclusions and directions for further research.




2. Proposed Approach and Solution


As mentioned, the basic hypothesis of this work is that data collected on how a building/infrastructure is being used can improve accuracy in predicting the impact, in terms of future energy consumption, of installing alternative energy-efficient technologies that are already available on the market.



The investment in renovation is justified on the basis of calculating the financial Return-on-Investment c related to a potential list of scenarios and incorporating both tangible and intangible criteria in the decision process. Both technical and financial aspects are considered in the evaluation, according to the expectations of the decision maker (i.e., the investor).



The basic idea is therefore to have a platform that monitors the usage of a building for twelve weeks, models the building’s energy consumption, and uses these two elements to predict energy consumption under alternative scenarios based on available market solutions to provide recommendations for the best solution, considering the decision-criteria makers and constraints, as shown in Figure 1.



At first glance, the problem of effectively obtaining information from a sensor network to define the energy consumption model seems straightforward: by crossing the detected presence of users in various areas of the infrastructure with known functionalities, one can easily establish the level of consumption required by a specific energy intensive device/sub-system (e.g., lighting). However, the installation of new intelligent technologies capable of learning usage patterns and responding appropriately with automatic on/off control systems for idle building sections is dependent on the presence and detection of those patterns to justify the investment. Another possible challenge is the development of user profiles (and expectations) in diverse locations with varying climates and even cultural traditions (e.g., the effect of office dress codes on thermostat set point selection). Monitoring and recording important context information/knowledge must thus be carefully addressed without requiring users to directly document their actions.



Once usage has been adequately observed and modelled, the difficulty is determining how to integrate the vast array of available technologies to enable mostly accurate projection of their energy consumption effects once implemented. If the preceding stage is completed successfully, it allows for the study and scoring of the many choices in the decision process.



Collecting building data allows for the development of a baseline scenario that depicts the total energy consumption of the building based on its normal use, i.e., measured usage. Instead of utilizing general datasheet consumption statistics from some equipment suppliers, this provides information for the unique building. The base scenario contains a complete model of the building as well as a detailed description of the lighting, heating, cooling, and ventilation infrastructure. Then, different scenarios can be generated by digitally “adding” new technology to the building and forecasting the resulting energy consumption (as illustrated in Figure 2). The thermal simulation of the building relies on the inclusion of well-accepted mature simulation tools such as EnergyPlus [16].



In summary, the adopted approach seeks to create a new service to model the energy consumption of buildings/infrastructures using sensor-based usage data, predict the performance of alternative energy-saving scenarios when implementing new technology and control solutions, and assist decision makers in determining the best investment to maximize energy efficiency in an existing building.



To reach this goal, the proposed system is divided into three solution parts (see Figure 3):




	(1)

	
Wireless Sensor Network (WSN), which is a group of interconnected sensors installed in the building to collect data, concentrated at a gateway. The collected data are situation-specific and needs to be planned.




	(2)

	
Building Performance and Usage Auditing (BAU) subsystem, which processes the collected data, filters the information, and identifies patterns.




	(3)

	
Energy Prediction and Decision Support System (EPDSS), which assists an investor and a technical consultant in navigating a full assessment project, starting with defining a building and the objectives to be met and ending with defining alternative scenarios and supporting the final decision for the infrastructure renovation.









As the focus of this article is on the prediction and decision process, we further elaborate on the EPDSS component, which comprises three primary sub-components:




	
Scenario Creation, which uses the processed audit data to create the building’s baseline scenario, considering the description of the entire technical infrastructure of the building. In addition, this module presents a list of prospective technologies for use in the building. A technical expert evaluates the recommendations and develops a set of possible renovation scenarios that can be implemented in the building.



	
Prediction Engine, which predicts the energy consumption of each specified renovation scenario by applying technical information about each energy efficient technology to the baseline scenario. This module contains or integrates the algorithms/tools to calculate the energy consumption of lighting, heating, cooling, and ventilation.



	
Decision Support, which receives defined alternative renovation scenarios, including simulated energy usage, and helps the building owner or investor to choose the most appropriate one, considering financial aspects and other criteria.









3. Decision-Support Approach


The decision-making process begins by identifying the renovation’s goal (e.g., to invest capital, to boost comfort, to reduce energy expenses) and ends with the selection of the best retrofit scenario to be implemented.



The goal of this procedure is to choose a retrofit scenario that best meets the needs of a given building as well as the investors’ expectations. Two key players have been recognized for this process: the technical consultant, responsible for overseeing and/or maintaining the building, and the investor, owner of the building and controller of the financial resources. From an organizational standpoint, the two responsibilities may even be performed by the same individual.



The first step in the decision-making process is to identify the actors that should be involved and clearly define the role of each one. Regardless of how many people will be involved in the renovation decision making, it is necessary to at least fulfil the two mentioned roles, which are described in Table 1.



The decision-making process follows the steps represented in Figure 4, including four decision points, and some additional steps:




	▪

	
Select Retrofitting Solution: the technical consultant and the investor recognize the need for a specific building renovation and establish the goal to be achieved. The evaluation parameters are set by the technical expert, who then requests an audit of the building to collect data on actual energy use. The audit data are extrapolated to a baseline scenario that depicts the building’s energy profile prior to the renovation. The technical consultant identifies renovation possibilities based on the technical understanding of the building and the retrofitting objectives. This process yields a set of renovation alternatives that address the retrofit objectives.




	▪

	
Check Technical Criteria: the technical specifications of each suggested renovation option are reviewed by the technical consultant to determine compatibility with the existing building’s infrastructure. This stage produces a list of retrofitting options with remarks on their unique suitability for the building in question.




	▪

	
Build a scenario based on solution i? The retrofit solutions and the retrofit objectives are evaluated by the technical consultant, choosing the solutions that should be considered for implementation at this initial decision point.




	▪

	
Elaborate Retrofitting Scenario: the technical consultant is knowledgeable about the renovation alternatives and is committed to the renovation goals. It is recommended to create many scenarios that represent the various alternatives for the final decision. The technical expert should create basic and perhaps less expensive situations, as well as more difficult and costly ones. This diversity will provide the investor with a larger decision space to evaluate. This phase yields a set of retrofit scenarios that include the previously chosen and filtered renovation alternatives.




	▪

	
Check Regulations: each renovation scenario needs to be checked against any legislation and regulations that apply to the specific location. If one of the drafted renovation scenarios fails to comply with all necessary regulations, it should be re-worked, or ultimately disregarded. The result of this step is a list of renovation scenarios with annotations about their regulatory applicability in the specific geographical location of the building.




	▪

	
Approve scenario j? The second selection point is to choose retrofit scenarios that will be simulated to determine anticipated energy usage.




	▪

	
Simulate Scenarios: This stage simulates the energy usage of the building if a retrofit scenario is undertaken. Each scenario has technical specification data that may be used to predict the energy consumption of the control systems that will be implemented. This data is compiled into a baseline scenario that represents the current infrastructure. The result is the expected energy consumption profile of the building if the renovation scenario is followed. This phase yields a list of remodelling possibilities along with information about the energy usage pattern of the current building.




	▪

	
Approve simulated scenarios? The next decision step is to accept the retrofit scenarios, which include simulations of the current building’s energy use. The technical consultant examines each retrofit scenario to see if it meets the existing technical and economic objectives.




	▪

	
Score and order scenarios: this process focuses on developing a benefit, opportunity, cost, and risk (BOCR) analysis for each retrofit scenario and presenting it to the investor to choose the best scenario for implementation in the specific building. In addition, the investor must be able to prioritize the criteria and characteristics used to rank the options.




	▪

	
Redefine and Approve Criteria/Parameters: the decision criteria (e.g., comfort, maintainability, aesthetics) and parameters (e.g., geographical location, energy prices, interest rates, depreciation rates, loan and credit conditions, tax incentives) are defined by the investor, either alone or with the assistance of a technical consultant. The investor can perform a sensitivity analysis of the situations under consideration by iterating between this step, the previous step, and the next one. This stage yields a complete set of choice criteria, packed with the parameters from the previous step (when performing the cost-benefit analysis of each renovation scenario).




	▪

	
Select one of the renovation scenarios? This is the final decision on whether to proceed with the retrofit scenario for the target building. The investor assesses the scenarios in terms of choice criteria and factors. A baseline scenario based on audit data should be one of the options, so that the investor can evaluate the cost of “doing nothing” to the building.










4. Decision-Support Method


The main objective of the suggested approach is to help an investor and/or technical consultant determine the optimal investment scenario for increasing energy efficiency in a building undergoing a renovation process. The decision-makers are assisted using benefits, opportunities, costs, and risks (BOCR) analysis, which in the present implementation employs the Analytic Hierarchy Process (AHP). This strategy is designed to organize the criteria and the retrofit scenarios under consideration, as well as to provide clear information about their financial feasibility.



4.1. AHP Process


AHP is a multi-criteria decision-making approach that derives dominant priority from paired comparisons of homogenous items in relation to a shared criterion or characteristic [17]. To arrive at the optimal solution, several one-to-one comparisons are used to score a series of alternatives.



AHP involves two stages, as it evaluates the relative importance of each criterion and then it evaluates the relative score of each alternative against the criteria, as shown in Figure 5.



The criteria and the alternatives are evaluated by the decision-maker(s) using the scale proposed by Saaty (see Table 2), between 1 and 9, and their reciprocals. On the scale, the value 1 denotes items of equal importance and, at the extreme, the value 9 represents the absolute importance of one item over another.



To exemplify the process, let us consider the process of ranking three items: Item 1, Item 2, and Item 3. These items will later be either criteria or alternatives being ranked. For instance, in a pairwise comparison process we could say:




	
Item 1 has a Strong importance when compared with Item 2.



	
Item 1 has a Moderate importance when compared with Item 3.



	
Item 3 has an Equal-to-moderate importance when compared with Item 2.








The objective is now, from these pairwise comparisons, to derive relative ranks or scores for each item representing its weight in the set.



Associating the first and the second items being compared with the row and column indexes, respectively, we can register these opinions in a matrix where the input    c  i , j     is given by


   c  i , j   =   I  {   Item    i  }    I  {   Item    j  }     








where the operator   I  { . }    represents the importance, and its ratio represents the result of the pairwise comparison. Following the example, the corresponding AHP pairwise comparison matrix will then be given by:


  C =  [     1   5   3      1 / 5    1    1 / 2       1 / 3    2   1     ]   











The elements in the main diagonal are all given a value of one, as any item compared with itself will be equally important, and the elements below the main diagonal will be the reciprocals of the elements above the main diagonal, i.e.,


    c  i , j   =  1   c  j , i     > 0       with      c  i , i   = 1   











Note that, after establishing the value of    c  1 , 2   = 5   and    c  1 , 3   = 3  , the consistency of the matrix could be enforced by deriving


   c  2 , 3   =   I  {   Item    2  }    I  {   Item    3  }    =   I  {   Item    2  }    I  {   Item    1  }    ×   I  {   Item    1  }    I  {   Item    3  }    =  c  2 , 1   ×  c  1 , 3   =  1 5  × 3 = 0.600  








avoiding making an additional question in the pairwise comparison process. In fact, both approaches of forcing consistency or not are both valid. By making all the comparisons, the consistency index of the participant performing the process can be analysed and further conclusions drawn from there [18], e.g., in a negotiation process.



Finally, from the AHP pairwise comparison matrix, the items are ranked by extracting the eigenvector corresponding to the maximum eigenvalue of the matrix. (For a consistent matrix the maximum eigenvalue is equal to the matrix dimension, i.e.,    λ  max   = n  , all others zero).



Proceeding with the example, the maximum eigenvalue of  C  is


   λ  max   = 3.0037  








and the corresponding eigenvector is


  v =  [      0.9281       0.1747       0.3288      ]   








where each element represents the relative importance of the items.




4.2. AHP and BOCR Analysis


AHP has been used to do BOCR analysis with various degrees of effectiveness [19,20,21,22,23]. We employ current breakthroughs in the area in our study, utilizing results from critiques of the usage of AHP and BOCR [24].



Complex decisions involving multiple participants, even those from distinct backgrounds, can be easily tackled by AHP. The problem’s hierarchical model (Figure 5) is ideal for identifying the criteria to be evaluated. The decision problem in this situation is to select the best appropriate technological solution to increase the energy efficiency of a building.



The intended approach for using AHP for a BOCR analysis suggests four hierarchies, each representing one of the merits being assessed. This implies that the criteria are divided into four categories, and users use the four predefined hierarchies to compare the criteria and alternatives.



With the assistance of numerous industrial companies, we developed a set of criteria for this application [25,26,27]. The list of criteria is extremely broad and can apply to a variety of situations. In each case, criteria can be removed or added, and the established approach is in no way bound by this list. In addition to technical performance (which equals energy efficiency performance), the proposed criteria comprise the factors shown hierarchically in Figure 6.



The decision-making process can be carried out by an individual (e.g., the investor) or by a group including different contributors (e.g., the investor, the technical consultant, the architect, etc.). The procedure includes the following steps:




	
Participants submit their judgments on the four BOCR hierarchies’ criteria, resulting in four matrices for each member.



	
The eigenvalues of each matrix are used to determine the priority for each criterion provided by each participant.



	
Using a weighted arithmetic average, the priorities of the various actors are merged into group priorities, yielding four vectors representing the priorities in the four aspects of the BOCR analysis.



	
Participants evaluate the options based on the various criteria in each hierarchy, resulting in four matrices per participant.



	
The eigenvector of the maximum eigenvalue of each matrix is used to compute the priority of the choices offered by each participant.



	
The priorities of the various actors are merged once again using a weighted arithmetic average.



	
The participants assign a weight to the benefits of each of the BOCR features.



	
To obtain the total scores or priority, the options are arranged using the subtractive method.








The final importance of each alternative is computed using the subtractive BOCR formula [28], defined as


   P i  =  w b   B i  +  w o   O i  −  w c   C i  −  w r   R i   



(1)




where    w b   ,    w c   ,    w o    and    w r    represent the weights of each aspect and    B i   ,    O i   ,    C i    and    R i    represent the scores given for scenario  i  in each of the four hierarchies.



The formula’s purpose is to provide a positive result for alternatives that have more positive elements (benefits and opportunities) than negative aspects (costs and risks), and a negative result for alternatives that do not meet the breakeven point.



Note that, for the criteria that are quantitative, e.g., energy savings, the scores of the alternatives do not necessarily have to go through the pairwise comparison process as the numeric values of alternatives are already the corresponding priorities.





5. Results


In the scope of the project supporting this work, the proposed methodology and platform were tested and validated in two different geographic locations. In this article we present the process with a construction company in Poland that uses the EnPROVE system to demonstrate the expected benefits of alternative retrofitting solutions with a focus on the lighting/thermal comfort.



Business Case—Deep Retrofitting Scenario for Lighting/Thermal Comfort


This business case involved a 10-year-old building in Warsaw, Poland. The EnPROVE project partner, the building owner, rents office space in the building and identified two main issues: the users’ comfort level was not satisfactory, and the energy use was not efficient compared to other buildings. The building manager conducted an audit to understand the usage of the building in order to identify modernisation scenarios focusing on systems such as lighting, heating, and cooling.



During the consultation with the building manager, the first step was the selection of rooms where measurements could be made. For this, the following aspects of the office rooms were considered: size, location inside the building, purpose, and number of people per room. Four office rooms, the restrooms, kitchen, and corridor—all on one floor—were selected as proxy areas.



The second step was to designate zones in the monitored rooms. The selection of zones to be monitored is based on area’s usage type (e.g., single-person office) and covers different climatic conditions (e.g., rooms next to different building facades).



The third step was to upload the CAD drawing to the EnPROVE platform to reference the zones and sensors’ locations. If the CAD drawing did not exist before, it would have to be created.



The fourth step was the selection (type, number) and installation of the wireless sensors for each zone. The selection depends on the strategy initially decided and financial constraints. Included in this step, is also the installation of the routers and configuration of the network components.



Figure 7 presents the floorplan with the selected rooms and the location of the devices that compose the wireless sensor network in the selected building in Warsaw. Figure 8 shows pictures of some of the installed sensors.



The data gathered by the sensors are directly stored in the raw database. Raw data are interpreted by customised scripts for each parameter and are stored in designated and associated tables. The processed audit results are transferred to the EPDSS module, which extrapolates them to create patterns for an entire year. These yearly patterns are used to calculate the energy consumption of the infrastructure. This is then used to generate renovation possibilities for the building under consideration. The renovation scenarios suggested by the scenario creation step are fed into the decision support module, which will support the investor in analysing, sorting, and finally selecting one to be applied.



As part of the EPDSS validation work, the lighting baseline assessment and lighting scenario creation for the office building were performed.



The following paragraphs give details of the lighting baseline and the crucial findings from the lighting scenario creation. The dominant lighting installation consists of fluorescent office lighting and down-lights with compact fluorescent lamps, deployed mainly in corridor and toilet areas.



To specify the lighting baseline scenario in the EPDSS module, the strategy properties for target illuminance and light power density have been determined for all lighting zones.



The assessment of the lighting baseline was carried out for a typical floor. The assessed floor was considered a suitable reference for the entire building. Extrapolation to the entire building is then performed later outside of the EPDSS module.



Data were processed such that there will be one record per minute per audited zone in each table for the relevant parameters for the duration of the audit period.



The lighting scenario auto-generation at the strategy level revealed several findings:




	
Improving light point efficiency is a promising strategy.



	
Lowering the target illuminance for certain areas is nearly impossible. The light levels of the zones are already quite low.



	
The saving potential of occupancy-based control strategies is very low. The occupancy pattern for the office use and the user behaviour do not offer a huge potential for additional savings.



	
Daylight cannot be exploited in a sensible way; no daylight-related scenarios have been proposed.








After the evaluation of the lighting scenario part, the evaluation of HVAC (heating, ventilation, air conditioning) solutions and the combination of lighting and HVAC scenarios towards complete scenario solutions was developed.



The first step in running the baseline scenario simulation is to define a temperature control setpoint for each zone. A proper analysis of the indoor temperature and HVAC actuation leads to the identification of temperature setpoints. In the baseline situation, the setpoint is not actually scheduled and is left within the same range throughout the day.



For this case study, the following HVAC scenarios were identified:




	
HVAC Scenario 1 (HS1): Basic local scheduling. The basic HVAC control strategy is a scheduled setpoint control.



	
HVAC Scenario 2 (HS2): Variable central scheduling. The building contains a central Building Management System (BMS), so a more complex variant of the first renovation scenario can be implemented, which consists of centrally fixing the setpoints and schedules of zones depending on external temperature conditions.



	
HVAC Scenario 3 (HS3): Presence-controlled setpoints, local scheduling. Like HS1 with the application of a more relaxed temperature setpoint when no presence is detected.



	
HVAC Scenario 4 (HS4): Window-controlled auto-off. Another variant of HS1 is to apply a window open/closed detection control, so that heating or cooling units are automatically switched off when the window is opened.



	
HVAC Scenario 5 (HS5): Locally scheduled setpoints (all zones), presence-controlled setpoints, window-controlled auto-off.



	
HVAC Scenario 6 (HS6): Centrally scheduled setpoints (all zones), presence-controlled setpoints, window-controlled auto-off. This scenario is equivalent to the previous one, but starting from centrally (BMS) controlled scheduling situation








The main innovation over traditional simulation engines is the basing of the calculations made by the EnPROVE platform on actual usage profiles of the building, rather than statistical or standardized and commonly accepted representative patterns. In this way, the results are suited to the real building’s use. The merits of this approach are that it completely supports an audit campaign in the building and assists the investor decide on the optimal renovation scenario, both technically and financially.



The investor was supported by the EPDSS module with specific financial information, filtering all the technical data already sorted by the technical consultant. The building owner found the user interface easy to understand and liked the possibility to filter scenarios, i.e., to reduce the initial set of renovation scenarios for a deeper analysis. In this case, not all intangible criteria were found particularly useful. The comfort level (i.e., target luminance and temperature setpoint) was predefined in the developed scenarios, but still used as a criterion. The investor preferred to consider tangible, measurable, and financial criteria for the decision analysis, which resulted in a strong priority of the Energy Savings criterion on the Benefits of the BOCR group. Globally, as presented in Figure 9, the decision process used the criteria: Energy Savings and Comfort Level, in the Benefits group; Flexibility of Reconfiguration, in the Opportunities group; Equipment and Operating Costs, in the Costs group; and Sensitivity on User Behaviour and Technological Obsolescence, in the Risks group.



In the end, the investor understood the ordering of scenarios, arriving at a set of three main scenarios that suggested replacing lighting in rest rooms and hallways; handling the HVAC centrally with presence controlled setpoints and window controlled auto on-off. The final selection of the renovation scenario had to consider other issues, such as the necessary installation time, and the initial investment.



Regarding costs of the assessment process, the installation and configuration of the wireless sensor network required an effort of two technicians for three days, and its maintenance was performed by one technician every two-weeks to check the batteries of the sensors. At the end of the assessment period, the set of sensors and routers are completely reusable to be applied on the next assessment project.





6. Conclusions


The objective of this work is to develop a decision-support tool to convince more investors to channel capital into the building retrofit processes to improve energy efficiency. The baseline of this work is the assumption that it is possible to improve the predictability of the post-retrofit scenario, both in energy and financial terms, using data gathered on how a building is being used by its occupants.



The described approach relies on simulation to estimate the impact of available energy-efficient solutions in the future energy consumption, using the actual usage data. The simulation of several alternative scenarios is then the basis for the decision support process to help the investor direct the financial resources, based on both tangible and intangible criteria. The decision process uses the BOCR approach, separating the analysis of benefits, opportunities, costs, and risks; each one is supported by the Analytic Hierarchy Process.



A validation scenario illustrating the steps of the process in a real case developed in the scope of the EnPROVE project illustrated the process and confirmed the effectiveness of the approach.



The emergent concept of Digital Twin, where a virtual model is designed to accurately reflect a physical object, can be seen as an extension of the work developed here and the next step for continuous support for building maintenance and reconfiguration. This can be easily deployed in new buildings, with integrated sensors to monitor both energy consumption and usage by the occupants.
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Figure 1. EnPROVE general concept. 






Figure 1. EnPROVE general concept.



[image: Sustainability 14 12216 g001]







[image: Sustainability 14 12216 g002 550] 





Figure 2. Predicting energy consumption for different solutions. 
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Figure 3. The EnPROVE platform in context. 
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Figure 4. Proposed decision-support approach based on simulated scenarios. 
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Figure 5. Hierarchical representation of the decision-making process. 
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Figure 6. Specific BOCR criteria breakdown used in the decision process. 
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Figure 7. Floorplan with selected rooms and wireless sensor network distribution. 
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Figure 8. Pictures of several sensors used in the building in Warsaw. 
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Figure 9. Active BOCR criteria used in the decision process in the Business Use Case. 
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Table 1. Main roles of actors involved in the decision process.
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	Role
	Responsibilities





	Investor
	Request creation of assessment

Define building to be assessed

Define assessment objective

Define benefit criteria for the decision process

Define decision parameters

(economic, financial, geographical, etc.)

Select renovation scenario



	Technical

consultant
	Start the assessment project

Define assessment’s technical objectives

Define parameters for building audit

Review and accept building audit results

Select renovation solutions

Elaborate renovation scenarios

Review and accept simulated renovation scenarios

Define benefit criteria for decision process

(particularly technical criteria)

Review and accept scores of renovation scenarios
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Table 2. Importance scale to be used in the pairwise comparisons.
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	AHP Scale of Importance
	Numeric Rating
	Reciprocal





	Equal importance
	1
	1 (1.000)



	 (Equal to moderate)
	2
	1/2 (0.500)



	Moderate importance
	3
	1/3 (0.333)



	 (Moderate to strong)
	4
	1/4 (0.250)



	Strong importance
	5
	1/5 (0.200)



	 (Strong to very strong)
	6
	1/6 (0.167)



	Very strong importance
	7
	1/7 (0.143)



	 (Very strong to absolute)
	8
	1/8 (0.125)



	Absolute importance
	9
	1/9 (0.111)
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