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Abstract

:

In 2008, the Chartered Institution of Building Services Engineers (CIBSE TM46 UC) presented an annual-fixed thermal energy benchmark of 240 kWh/m2/yr for university campus (UC) buildings as an attempt to reduce energy consumption in public buildings. However, the CIBSE TM46 UC benchmark fails to consider the difference between energy demand in warm and cold months, as the thermal performance of buildings largely depends on the ambient temperature. This paper presents a new generation of monthly thermal energy benchmarks (MTEBs) using two computational methods including mixed-use model and converter model, which consider the variations of thermal demand throughout a year. MTEBs were generated using five basic variables, including mixed activities in the typical college buildings, university campus revised benchmark (UCrb), typical operation of heating systems, activities impact, and heating degree days. The results showed that MTEBs vary from 24 kWh/m2/yr in January to one and nearly zero kWh/m2/yr in June and July, respectively. Based on the detailed assessments, a typical college building was defined in terms of the percentage of its component activities. Compared with the 100% estimation error of the TM46 UC benchmark, the maximum 21% error of the developed methodologies is a significant achievement. The R-squared value of 99% confirms the reliability of the new generation of benchmarks.
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1. Introduction


There has been a global trend in the recent years to reduce energy demand and greenhouse gas (GHG) emissions in the higher educational institution buildings [1]. The trend is even more accelerated by the new policies and regulations such as the European Green Deal with ambitious goals to achieve neutral GHG cities and areas by 2050 [2]. In this regard, energy benchmarking is a useful tool to evaluate the energy performance of buildings [3]. The higher educational buildings (university buildings) are important in terms of high energy demand (kWh/m2) and the variety of activities in the buildings.



Chartered Institution of Building Services Engineers (CIBSE) TM46:2008 [4] is one of the fundamental references for energy performance certification, and benchmarking in buildings. Despite the improvement of the energy performance of university buildings in recent years, the CIBSE TM46 UC (university campus) benchmark has remained unchanged [5]. The CIBSE TM46 UC benchmark significantly overestimates the thermal demand compared with the actual measurements [6]. Most of the benchmarking methodologies such as ”Energy Star” and CIBSE TM46 have focused on the annual scale [7], while failed to consider the differences in thermal energy consumption in the cold and warm months. This leads to a notable gap in the energy demand estimations where the annual benchmark is incapable to provide detailed information based on outdoor temperature [8]. This can be even more critical considering the convoluted urban microclimate conditions around buildings [9] and complex interactions between outdoor temperature and other climate variables. Although the benchmarking methodology is not feasible to take into account detailed climate variations, it is vital to investigate for finer temporal resolution (e.g., seasonal or monthly) models to assess energy consumption profiles of university buildings. This paper addressed this research gap by introducing a novel method, namely, monthly thermal energy benchmarks (MTEBs). MTEBs aim to represent the monthly variations of mixed-use campus buildings as an accurate tool to move towards sustainable transition pathways in educational buildings.



This paper is structured as follows. First, the background of energy benchmarking systems is assessed (Section 1.1) to highlight the major research gaps in the field. The study of the related works and the discussion of the TM46 benchmarking method are presented in Section 1.2 and Section 1.3, respectively. In Section 1.4, the contributions of this study are discussed. The methods and material adopted and developed in the paper are explained thoroughly in Section 2. The application of major benchmarking methods, including mixed-use and converter models are assessed in Section 3 and Section 4, respectively. The novel benchmarking model (MTEBs) is presented in Section 5, followed by the conclusion to highlight the major findings of the study.



1.1. Background of Energy Benchmarking Systems


The “energy benchmarking” term was used in the 1990s to refer to the knowledge of comparing energy consumption in similar building types (peer buildings) [10]. The top-down benchmarking method uses real consumption data to calculate the energy benchmark of peer buildings. This is a comprehensive method applying officially in the EU, US, Australia, Japan, Canada, and other countries to manage the end-use energy consumption in buildings [11]. Benchmarking is a cornerstone of the European Council Directive 93/76/CEE [12] to improve energy efficiency and reduce CO2 emissions in buildings. Energy benchmarking compares the annual total primary energy required (TPER) per unit area (m2) in a building with the median consumption of peers [13].



Based on Chapter 20 of the original CIBSE Guide F: “Energy efficiency in buildings” and Energy Consumption Guide ECG 19: “Energy efficiency in offices”, the CIBSE TM46 energy benchmark was updated by the Chartered Institution of Building Services Engineers (CIBSE) in 2008. CIBSE TM46 [4] and TM47 [14] explain the statutory energy benchmarks in buildings, which are used as predominant references in the EU and UK to calculate the building energy ratio (BER). BER is the main part of a display energy certificate (DEC).



According to the CIBSE TM46, 237 building types were classified into 29 benchmark categories based on the building’s dominant function (single function). TM46 presumes the buildings as a single function and neglects other functions (activities) in the buildings, while many of them are multifunctional (mixed-use) particularly in city centers. According the CIBSE TM46, a university campus building (a typical educational building on/off campus) needs 240 kWh/m2/yr of thermal energy per year [4].



There are fundamental modifications in thermal demand during a year; however, TM46 and Energy Star methodology cannot explain such variations. The majority of heat demand (80%) in winters is used for space heating purposes, whereas in summers the energy is consumed to prepare domestic hot water [15]. The accuracy of TM46 UC benchmarks has been studied recently by several researchers and a series of problems, such as a significant discrepancy between the benchmark and actual measurements have been reported frequently [16,17]. For example, Vaisi et al. discovered a 30% gap between the actual consumption and TM46 UC benchmark [8]. Based on the actual data of four university buildings in Dublin, the authors revised the CIBSE TM46 thermal benchmark of 240 kWh/m2/yr and introduced a university campus revised benchmark (UCrb) of 130 kWh/m2/yr as a validated annual index. In addition, the reviewed studies not only highlighted the requirement for revising the TM46 benchmarks [18], but also suggested the necessity for renaming the UC category [19]. The majority of current energy models present the annual-fixed benchmark, which take into account buildings as single-use (single function, single activity) because the data on mixed activities usually are unavailable or hard to collect.




1.2. Display Energy Certificate (DEC)


Display energy certificate (DEC) is an authentic certificate that shows the annual energy performance of buildings (Figure 1). The DEC dataset is used frequently for energy management in buildings. In summer 2008, for the first time, DECs were introduced in the EU under the Energy Performance of Building Directive (EPBD) regulation [20]. DEC presents the building energy efficiency, which is calculated using the total primary energy requirement (TPER). TPER is the overall quantity of all energies (electricity, oil, coal, gas, renewables, etc.) delivered to a building, including the energy that is used or lost beyond the boundary of the building during energy transformation, transmission, and distribution processes. The other index displayed on DECs is total primary fossil energy required (TPEFR), which shows the annual fossil thermal energy delivered to the boundary of buildings (Figure 1).



Total final consumption (TFC) or actual consumption (recorded consumption) is the amount of energy consumed in a building. TFC is measured by meters and it is typically the quantity shown on bills [21]. If other types of bulk energy such as oil and coal are used, for calculation of TPFER they must be converted into kgCO2 or kWh of energy. Generally, TPFER is approximately 20% greater than TFC [22].



On DEC, the quantity of TPER (kWh/m2/yr) is divided by the annual benchmark, the consumption of 50% of samples, and the percentage of the result is called BER, which is graded. The alphabetical grades range from “A1” to “G” and show the best to worst efficiency, respectively. The TPER, TPFER, and BER displayed on a DEC are presented in Figure 1.




1.3. Related Works


The literature in the field of benchmarking can be divided into four categories including (1) benchmarking methods and data assessment, (2) underlining the discrepancy between the energy benchmarks and actual consumption, (3) energy performance over time, and (4) reviewing the policy and presenting new recommendations. This study falls into the first and second categories.



Pasichnyi et al. [23] recommended the display energy certificate system as a new opportunity for data-enabled urban energy policy instruments. However, the certificate systems are mostly limited to annual scale rather than monthly. Burman et al. [24] compared the annual fossil–thermal performance of five new educational buildings in the UK against the operational benchmarks at the annual scale and discovered a significant discrepancy between the heating energy use and the design expectations. Papadopoulos et al. [25] assessed the energy use intensity between 2011 and 2016 and used approximately 15,000 energy consumption data of New York City properties based on an annual period.



To address the role of mixed activities on energy consumption, a study was conducted based on quantile regression model. The authors analyzed the electricity consumption of nearly 1000 buildings and found that cooling degree days and the presence of gyms, spas, and elevators were significant factors affecting the energy use. Moreover, the number of employees per unit area had a great effect on the total electricity consumption in poorly performing buildings [26].



Liu et al. [27] developed a systematic methodology as well as an energy consumption rating (ECR) system to create dynamic energy benchmarks for an individual office building with very limited information. Based on outdoor temperature, relative humidity, and daily energy consumption, the authors, at an hourly scale analysis, presented four typical energy benchmarks, including 272, 427, 497, and 592 kWh, which represent the momentary operation of the studied building. Another study identified three fundamental energy consumption periods, i.e., morning, noon, and evening peak energy consumption patterns using K-means clustering and load shape profile [28]. The authors discovered how energy consumption is changed during the daytime and consequently, they plotted the typical consumption patterns of four groups of buildings. Those patterns are the basis for modeling higher resolution profiles from monthly bills [29] or to evaluate flexibility potential of the built environment [30].



Papadopoulos and Kontokosta [31] developed a building GREEN energy grading methodology by adopting machine learning and city-specific energy use and building data to enable more precise, reasonable, and contextualized individual building energy profiles [31]. They indicated how different factors such property value (cost/square ft), unit density, bedroom density, built year, etc. affected the energy use intensity. Finally, they proposed a graded (alphabetical) annual benchmark instead of the 0–100 rating system of Energy Star. A large number of studies have frequently adopted statistical benchmarking models using machine-learning algorithms that can illustrate multifaceted relationships between energy uses and building characteristics, such as floor area and functions [32,33,34].



Khoshbakht et al. [35] adopted stochastic frontier analysis (SFA) to determine benchmark values for various activities and disciplines in higher educational buildings. They classified the educational buildings into different activities (e.g., research, academic offices, administration, library, teaching spaces) but did not look into the monthly or seasonal consumption patterns. In another work conducted in 81 residential buildings in Singapore [36], the authors proposed a framework to categorize the buildings by their operational similarities using data mining obtained from smart meters. They highlighted the impact of the mixed-use operation on energy demand and discovered that the activity plays a key role in energy consumption. For instance, the residential buildings had fewer facilities and lower energy load density compared to the buildings with research centers. Therefore, the EUI (Energy Use Intensity) was much smaller than the mixed-use buildings due to the galleries and laboratories that require energy in 24 h. However, the impact of each activity on energy consumption and their weight were not addressed.



Arjunan et al. [37] developed a method based on both linear and nonlinear models to increase the accuracy of energy benchmarking of office buildings in the US. They applied several building attributes such as gross floor area, cooling gross floor area, number of employees, computers, and cooling degree days, and determined the features affecting energy consumption.




1.4. The Novelty of the Proposed Method


Based on the reviewed literature, there are still unexplored particular areas, even not addressed by the renowned benchmarking systems such as CIBSE (worldwide approved benchmarking system) and Energy Star (US benchmarking system). Most of the research reviewed focused on analyzing static snapshots of buildings, i.e., annual fixed energy benchmark rather than dynamic performance trends over time, and considered buildings as a single activity [38]. Applying an annual-fixed benchmark and considering the buildings as single-use are the major research gaps in the field. This paper moves beyond the current state-of-art by proposing a new generation of thermal energy benchmarks, monthly thermal energy benchmarks (MTEBs), instead of a fixed-annual benchmark. The MTEBs benchmarking method improves the CIBSE TM46 UC benchmark of 240 kWh/m2/yr by incorporating monthly variables, which are sensitive to ambient temperature and environmental conditions. Moreover, this study considers the impacts of various activities such as computer rooms, offices, library, laboratory, seminar and research rooms, workshop, stores, and restaurant and coffee shops on the energy consumption in typical college buildings using a revised benchmark (UCrb) model. Readers are referred to an earlier study by the authors [8] for more information about the UCrb benchmark.



Moreover, five fundamental parameters were applied in the mixed-use and converter models, including conditioned area of buildings, heating degree days (HDD), mixed-use, a recently revised benchmark (UCrb), and typical operation hours of heating systems. Finally, this study aims to fill the discrepancy between the TM46 UC benchmark and actual heat consumption highlighted in the literature, which is a step beyond the model introduced by Vaisi et al. [8] in 2018. For the first time, a definition of typical college buildings based on their mixed activities is presented.



Figure 2 is a schematic ideogram that shows the gap between CIBSE TM46 benchmark and the actual consumptions during a year, and it illustrates how a curved line benchmark can be better adapted to reality. The CIBSE TM46 UC benchmark is a horizontal line, an index for a whole year, while the methodology of MTEBs has focused on transforming the horizontal TM46 UC into a monthly dynamic benchmark (a curved line) that delivers valuable information.





2. Methodology


To create the monthly thermal energy benchmarks (MTEBs), the actual thermal consumption data and the operational hours of the heating systems of 52 buildings in four university campuses (Trinity College Dublin, University College Dublin, Dublin City University, Dublin Institute of Technology) were analyzed. The actual energy consumption data were obtained from the Cylon Active Energy Management online dataset [39]. The heating degree day data were collected from Degree Days.net [40]. To discover the mixed activities in the case study buildings, a survey was conducted at the floor scale. According to the assessment of energy consumption of 52 UC buildings, five key parameters that affect the thermal energy demand were found to be:




	
Area (m2)—building useful area and activities area;



	
Mixed-use activities—this factor considers all activities in a building and calculates the value of each activity based on its area—the composite benchmark is one of the results of the mixed-use method;



	
UCrb (university campus revised benchmark)—the revised benchmark of 130 kWh/m2/yr [8] was used instead of 240 kWh/m2/yr as suggested by CIBSE TM46;



	
Heating degree days (HDD);



	
Typical operation hours of heating systems—usually influenced by the college’s energy policy, not occupants’ behavior.








The area of all activities in the surveyed buildings was calculated based on the architectural plans of the buildings. The impact of various activities on thermal energy consumption in the college buildings was determined based on the percentage area of activities. Based on the actual thermal consumption data recorded at the quarter-hour scale [39], the typical operating hours of the heating systems were calculated and the results presented in Table 1.



Two models were developed to generate the MTEBs: (1) mixed-use model and (2) converter model. The mixed-use model relies upon the impact of all activities in a building on thermal consumption. Accordingly, a composite benchmark that considers the role of mixed activities in terms of thermal energy demand was progressed. The converter model, developed based on the annual thermal consumption, presenting on DECs. The accuracy of both models was validated against the actual thermal consumption.



To assess the impact of various activities on thermal demand, the area of all the activities of the case study buildings was surveyed, and then the area of each activity calculated in AutoCAD precisely. Ten activities were identified in 52 analyzed college buildings, while among them, 7 activities were common in all cases. Based on the analysis, a typical college building in terms of mixed activities is defined for the first time: a typical college building is a type of educational building, comprising seven typical mixed activities, including computer rooms and laboratories (31%), offices (29%), seminar and research rooms (18%), library (14%), workshop (4%), stores (3%), and restaurant or coffee shop (1%).



The energy demand estimation based on TM46 UC benchmark against the actual consumption data of ”Aras An Phiarsaigh” building at the Trinity College Dublin (TCD) campus was analyzed as a sample and the results, as well as the estimation of the mixed-use model, are presented in Figure 3. Both estimations were assessed against the actual data. Lines (a) and (M) show the mean annual estimations of TM46 UC benchmark (240 kWh/m2/yr) and the mixed-use model, respectively, while line (b) presents the mean of annual actual data.



Considering the Aras An Phiarsaigh building as an example, the differences between thermal demand estimations of TM46 (mean annual) and the mixed-use model with the actual consumption were 68% and 45%, respectively (Figure 3). The result shows the mixed-use model improved the thermal demand estimation, approximately 42% compared with TM46. Coefficient (n) was defined to improve the accuracy of the mixed-use model as the ratio of the composite benchmark to the TM46 UC benchmark (240 kWh/m2/yr). Coefficient (n) reduced the errors of the mixed-use model to 6%. At this stage, the mixed-use model presents an annual-fixed estimation (line M); however, the aim is to convert this horizontal line into monthly figures. To generate the monthly thermal benchmarks, two models were improved using further drivers. Additional information about the generation of the models is presented in Section 2.1 and Section 2.2.



2.1. Mixed-Use Model


The mixed-use methodology is applicable to existing buildings and buildings at the construction stage. The method relies on CIBSE TM46 benchmarks, including 29 building categories, especially those categories found mostly in a typical college building such as “general office”, “restaurant”, “cultural activities”, “classrooms”, and “general retail”. Based on the analysis, most of the college buildings comprise seven typical activities, i.e., mixed-use functions. In fact, activity plays a key role in thermal demand; for example, a general office needs 120 kWh/m2/yr of thermal energy while a restaurant needs 370 kWh/m2/yr [4,14].



Using Equation (1) and the architectural maps, the quantity of thermal demand of a mixed-use college building can be calculated. By dividing the annual thermal demand by 12 (Equation (2)) the mean monthly thermal demand can also be calculated. To calculate the composite benchmark, Equation (1) is divided by the total useful floors area (TUFA) of the buildings; therefore, Equation (3) indicates how to calculate a composite benchmark. The mixed-use method to estimate the annual thermal demand follows:


    [     f 1  ×  A 1  +  f 2  ×  A 2  +  f 3  ×  A 3  + …  f n  ×  A n     ]      =     ∑   i = 1  n   (  A i × f i  )    



(1)






  Mixed −  Use     (   mean   monthly   heat   demand   )    =     ∑   i = 1  n   (  A i × f i  )    12   =     E q u a t i o n    ( 1 )    12    



(2)






   Composite   benchmark    =       ∑   i = 1  n   (  A i × f i  )    A  (  T U F A  )      =   E q u a t i o n    ( 1 )    A    (  T U F A  )     



(3)






   Coefficient     ( n )    =   E q u a t i o n    ( 3 )    T M 46   U C   b e n c h m a r k    



(4)




where (fi) is the CIBSE TM46 benchmark of activity (i), (Ai) is the relevant area of activity (i), and A (m2) is the total useful floor area of the building.



To indicate how the mixed-use method was developed, further discussion is presented in the following sections. As a sample, the model was applied in the Aras An Phiarsaigh building. The energy benchmarks of various activities are presented in Table 2. For example, the energy benchmark of a library is 200 kWh/m2/yr while the benchmark of a laboratory is 160 kWh/m2/yr. The weight of each benchmark is normalized based on its area in the building. The other necessary data to run the model are presented in Table 2.



The annual thermal demand estimation using the mixed-use model equals:


[160 × 1014 +130 × 817+ 120 × 1651+ 370 × 47 + 180 × 48 + 200 × 70] = 506600 kWh/yr










  Mixed −  Use   estimation     (   mean   monthly   )    =   506600   ÷   12   =   42217    kWh  / yr  










   Composite   benchmark    =   506600 ÷ 3647 =   139    kWh  /  m 2  / yr  










   Coefficient     ( n )    =     139   240    











The assessments demonstrated that by considering the role of mixed activities (Equation (4)) in a building, the accuracy of thermal demand estimation can be improved. Comparing the results of estimations with the actual records proved this progress.



To develop the annual model into a monthly model, a series of other drivers were taken into account. One of the important factors is the heating degree days (HDD). The HDD is sensitive to the outdoor conditions. The weather data of Dublin Airport, IE (6.30° W, 53.42° N) was applied in the calculations and the base temperature of 15.5 °C chosen to determine the HDDs. In Table 3, the HDD data of 2014 are reported.



Through multiplying Equations (1) and (2) by the result obtained from the division of the monthly HDD by annual HDD (    H D D   m o n t h     H D D   a n n u a l      ), Equation (5) was created. Then, using Equation (5), the primary version of the monthly thermal models was generated. The primary model was applied in 10 buildings and its accuracy was calibrated using the actual thermal measurements; nevertheless, the Aras An Phiarsaigh building is discussed in detail.


  Equation   ( 5 )   =          [    ∑   i = 1  n   (  A i × f i  )   ]   2  × H D D   m o n t h   240 × A ×   H D D  (  a n n u a l  )     



(5)




where (fi) is the CIBSE TM46 benchmark of activity (i), (Ai) is the relevant area of activity (i), A (m2) is the total useful floor area of a building, and the HDD is the heating degree days at both annual and monthly scale.



The analysis showed there were significant differences between the estimations of the primary version (Equation (5)) of the model and the actual monthly consumption data. The differences, especially in the summer season, were notable. The reason for the lower accuracy of the primary version of the model refers to the local energy efficiency policies in universities. For example, it was found that despite heating degree days, which shows the thermal demand even during summer in Dublin (Table 3), the Estates and Facilities Office at TCD turns off the heating systems during summer. This policy drastically reduced the actual thermal consumption during the summer at TCD. Therefore, another factor, i.e., typical operation hours of heating systems, was taken into account and multiplied by Equation (5) to create Equation (6). In public buildings such as colleges, the operation hours of heating systems are not affected by occupant behavior, but controlled by energy managers at universities.


   Equation   ( 6 )   = [        [    ∑   i = 1  n   (  A i × f i  )   ]   2  × H D D   m o n t h   240 × A × H D D  (  a n n u a l  )      ]     ×   M o n t h l y   t y p i c a l   o p e r a t i o n    (  h o u r s  )    S t a n d a r d   m o n t h l y   o p r a t i o n    (  C I B S E ,       h o u r s  )      



(6)




where (fi) is the CIBSE TM46 benchmark of activity (i), (Ai) is the relevant area of activity (i), A (m2) is the total useful floor area of a building, and HDD is heating degree day at both annual and monthly scale.



The mean absolute percentage error (MAPE) on a monthly scale evaluated the accuracy of the final mixed-use model (Equation (6)). Besides, the accuracy of the model was calibrated by R-squared value, which indicates the error between the modeled values and the recorded values. The model applied to the other case study buildings. In all of the analyzed buildings, the maximum MAPE at the monthly level was under 21%, whereas it was 18% at the annual level. Compared with the best result (22%) of other annual estimation models [14], the result is acceptable.




2.2. Converter Model


Display energy certificates (DECs) present annual thermal consumption. If DEC documents are available, the converter model is more user-friendly compared to the mixed-use method to convert the annual heat demand into the monthly profiles. Normally the TPFER (Figure 1) is presented on DECs in kWh/m2yr. To create a monthly thermal energy model using TPFER, HDD and the operation hours of heating systems play a key role. Equation (7) shows the final version of the converter model:


  Equation   ( 7 )   =    [ TPFER × m × A ×    H D D   m o n t h     T o t a l   H D D  (  a n n u a l  )       ]   ×     M o n t h l y   t y p i c a l   o p e r a t i o n    (  h o u r s  )    S t a n d a r d   m o n t h l y   o p r a t i o n    (  C I B S E ,   h o u r s  )      



(7)




where A (m2) is the total useful floor area of the building and HDD is heating degree day at both annual and monthly scale.



The maximum unit interval of 20%, presented by the coefficient (m) in which m ∈ [0.80, 1] was considered in the model and refers to the difference between TPFER and TFC. This difference was also shown by other scholars [22]. To increase the accuracy of simulations this difference was considered. Using the converter model, the annual thermal demand of a typical college building can be converted into the monthly figures. To understand how both mixed-use and converter models can be applied in practice, a flowchart is presented in Appendix A.





3. Application of the Mixed-Use Model


The Museum Building on the TCD campus is located on the south of the New Square, just beside the Berkeley Library. The building is a mixed-use, typical college building where the Geology and Engineering Departments are housed. TM46 predicts that the building needs 240 kWh/m2 of thermal energy per year. The actual consumption, HDD, and the mean of monthly thermal demand based on TM46 and the mixed-use model are presented in Figure 4. Compared with TM46, the mixed-use model improved the accuracy of estimation by 42%. The data were used to run the mixed-use model for the Museum Building, as presented in Table 4.



Based on the data presented in Table 4 and using Equation (6), the monthly thermal demand of the Museum Building was generated (Table 5). The MAPE (mean absolute percentage error) of the mixed-use model and TM46 (mean monthly) compared with the actual consumption and the results are presented in Table 5.



The overall difference in thermal demand using the mixed-use model with actual annual consumption was 7%, while the error of TM46 was 125% (Table 5). The greatest error of the mixed-use model was 20% in October, while the lowest error of 2% was observed in May. In April, August, and September, the model shows 14% overestimation. However, the greatest monthly MAPE of TM46 was 9607%. The high estimation errors of TM46 in summer months means that this benchmarking system cannot reliably predict the thermal demand at smaller temporal resolutions.



Adopting linear regression model [41], the energy demand prediction results of the model were assessed versus the actual energy demand (Figure 5). R-squared (R2) is a statistical measure that represents the proportion of the variance for a dependent variable that is explained by the independent variables in a regression model. It is the percentage of the response variable variation that is explained by a linear model. In our models, the R-squared of 0.971 shows a strong relationship between the actual data and the predicted figures. Therefore, it proves the high level of accuracy of the mixed-use model.




4. Application of the Converter Model


The converter model is applicable when DECs are available. In fact, this approach relies upon the total primary fossil (nonelectrical) energy required (TPFER) displaying on DECs. In the converter model, the TPFER number, an annual index, was converted into monthly thermal figures, which are more informative for the energy efficiency planning and management. Using Equation (7), the TPFER number on DECs can be converted into the monthly thermal demand values.



As an example, using five key parameters, a monthly thermal demand profile was generated for the Nova Building at the UCD (University College Dublin) campus (Figure 6). According to the Nova’s DEC certificate, the building requires 122 kWh/m2/yr of total primary fossil energy and the building’s total useful area is 4066 m2. Both approaches, mixed-use model and converter model, were applied to the Nova Building and the results compared with the actual records (Figure 6). It can be seen that the actual consumption is located between the estimated values generated by the both models.



Table 6 shows the results of monthly thermal demand prediction generated by both models in the Nova Building. Furthermore, the MAPE of the two models was compared with TM46 estimations. The accuracy of TM46 and the monthly models was assessed against the actual figures. The differences of errors between TM46 and the predictions of the two models were significant. The maximum monthly MAPE of the mixed-use model and converter model was under 22%, while the maximum MAPE of TM46 in August was 7187% (Table 6). This huge error of TM46 in August means that the CIBSE benchmarking system overestimates the energy demand 71 times more than the actual energy consumption, which indicates the weakness and inability of the CIBSE TM46 benchmarking system. The minimum error of the mixed-use model was 5% and that of the converter model was only 1%, while the minimum error of TM46 was 13%. The annual errors of the monthly models were 11% and 14%, respectively. In contrast, the annual error of TM46 was 116%. The comparison methodology indicates a substantial development of the accuracy for both the mixed-use and converter models.




5. Monthly Thermal Energy Benchmarks (MTEBs)


Using the mixed-use and converter models, the monthly thermal energy benchmarks (MTEBs) for typical college buildings were generated. This new generation of thermal energy benchmarks varies during a year, following the outdoor conditions. The MTEBs methodology can extrapolate into other weather conditions as well as building types. If in Equations (6) and (7) the total useful area of buildings is assumed to be 1 m2 (the definition of benchmark), then the monthly benchmarks per unit area can be determined accordingly. The annual-fixed benchmark was proposed by TM46 in 2008; i.e., 240 kWh/m2/yr was developed through the models into 12 monthly thermal energy benchmarks.



The MTEBs (Figure 7) show various thermal demand in each month. For example, in January, a typical college building needs 24 kWh/m2/month, and the demand was reduced regularly when the outdoor temperature was decreased; therefore in June, the benchmark is 1 kWh/m2/month. Likewise, the benchmark from nearly 0 kWh/m2/month in July increased to 19 kWh/m2/month in December.



Table 7 shows the MTEBs indexes which were validated against the mean of monthly actual consumption (kWh/m2/month) of 10 college buildings obtained from the AEM (Active Energy Management dataset) [39]. Using the mean of actual thermal consumption of the buildings belonging to the four case study universities, the accuracy of MTEBs was assessed and the results are presented in Figure 7.



In addition, the values of MTEBs were compared with the TM46 annual benchmark. According to the analysis, the predictions of MTEBs were very close to the actual measurements. The mean annual actual thermal consumption was 128 kWh/m2/yr and the developed MTEBs predicted 130 kWh/m2/yr, while the TM46 method predicted 240 kWh/m2/yr. The overall MTEB was 130 kWh/m2/yr. The R-squared of 0.995 shows the high level of accuracy for MTEBs, as presented in Figure 8.




6. Conclusions


Due to the excessive dependence of heat consumption on the ambient temperature, the annual-fixed thermal benchmark (240 kWh/m2/yr) suggested by CIBSE TM6 for the category of UC is not very effective. Instead, the concept of monthly thermal energy benchmarks (MTEBs) for typical college buildings was developed, which are more informative, especially for managing the thermal consumption/efficiency at the community scale. Unlike other benchmarking methodologies that consider buildings as having a single function, in this study the mixed activities in buildings were taken into account. Two methods, including mixed-use model and converter model, were adopted to generate the MTEBs. MTEBs present information that is more detailed and therefore more applicable compared to the annual benchmarks such as TM46. This detailed information from the viewpoint of heat efficiency and planning, as well as the energy supplying and financial policy, is vital.



The accuracy of the developed models at a monthly scale was validated against the actual thermal consumption using the mean absolute percentage error (MAPE). In addition, the truthfulness of the new generation of the developed benchmarks was examined by linear regressions.



While the discrepancy of the CIBSE TM46 benchmark with the actual consumption was radically significant (e.g., 7187%), the maximum monthly error of the progressed models was lower than 22%. The MTEBs show that a typical college building needs 24 kWh/m2/month in January and the demand reduces regularly in summer months. In June, only 1 kWh/m2/month of heat is needed while in July it is nearly zero. The monthly benchmarks from July increased gradually to 19 kWh/m2/month in December. The overall annual MTEBs is 130 kWh/m2/yr, which shows a significant improvement compared with 240 kWh/m2/yr suggested by TM46. The benchmarking methodology developed presents a curved line instead of an annual-fixed horizontal line as proposed by TM46. In this paper, 12 thermal energy benchmarks at the monthly level were presented instead of a TM46 annual benchmark. Finally, the R-squared of 0.995 indicated the high level of reliability of MTEBs. Planners, energy suppliers, and professionals for detailed heat planning at the community scale can use MTEBs. Since the benchmarks play a key role in energy action plans at the national scale, the new generation of proposed benchmarks can improve the accuracy of national action plans by sharing more information at the monthly level.
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Nomenclature


BER: building energy ratio; CIBSE: Chartered Institution of Building Services Engineers; DEC: display energy certificate; HDD: heating degree days; MAPE: mean absolute percentage error; MTEBs: monthly thermal energy benchmarks; TFC: total final consumption or actual consumption is the amount of energy consumed in the buildings measured by meters and displayed on energy bills; TPER: total primary energy required in a building including thermal and electricity; TPFER: total primary fossil energy required in a building; UC: university campus, refers to the category number 18 of CIBSE TM46:2008 benchmark





Appendix A. The Flowchart of Developed Models


The following flowchart shows how both mixed-use model and converter model can be applied in practice step-by-step, given available energy data.
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Figure A1. The flowchart of model application. 
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Figure 1. The main data presented on a display energy certificate (DEC). 
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Figure 2. Monthly thermal energy benchmarks (MTEBs) ideogram. 
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Figure 3. CIBSE TM46 UC and mixed-use model for thermal estimation against the actual data, Aras An Phiarsaigh building, Trinity College Dublin (TCD) campus 2014. 
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Figure 4. Comparison of actual heat consumption with CIBSE and mixed-use model. 
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Figure 5. R-squared assessment to control the accuracy of the model. 






Figure 5. R-squared assessment to control the accuracy of the model.



[image: Energies 13 06606 g005]







[image: Energies 13 06606 g006 550] 





Figure 6. Monthly thermal demand profiles, mixed-use model and converter model, Nova Building, University College Dublin (UCD). 
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Figure 7. Monthly thermal energy benchmarks (MTEBs) for typical college buildings. 
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Figure 8. Accuracy assessment of the MTEBs. 
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Table 1. Typical operation hours of heating systems.






Table 1. Typical operation hours of heating systems.





	Months
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total Year





	Mean operation of 10 buildings
	300
	280
	260
	250
	240
	85
	45
	35
	80
	223
	249
	229
	2276
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Table 2. Mixed activities value in the Aras An Phiarsaigh building.
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	Activity
	Area (m2)
	% of Total Useful Floor Area
	Category Name
	Category No
	TM46 Benchmarks





	Seminar and research room
	817
	22
	UC
	18
	UCrb:130



	Office
	1651
	45
	General office
	1
	120



	Computer rooms and Laboratory
	1014
	29
	Laboratory
	24
	160



	workshops
	48
	1
	Workshop
	27
	180



	Coffee shop
	47
	1
	Restaurant
	7
	370



	Library
	70
	2
	Cultural activities
	10
	200



	Total
	3647
	100
	---
	---
	----
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Table 3. Heating degree days (HDD) for 2014.
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Months

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
HDD

	
303

	
274

	
267

	
182

	
133

	
63

	
32

	
70

	
72

	
132

	
225

	
316




	
Annual

	
2069
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Table 4. Museum Building data.






Table 4. Museum Building data.





	Activities
	Area (m2)
	% Area of Activities (m2)





	Computer rooms and Laboratory
	683
	19



	Office
	1553
	43



	Seminar, class, and Research room
	965
	26



	Library
	324
	9



	Stores
	120
	3



	Total
	3645
	100
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Table 5. Monthly heat demand and the percent of errors.






Table 5. Monthly heat demand and the percent of errors.





	Months
	Actual Gas Consumption, Museum Building 2012 (kWh/yr)
	HDD 2012
	Typical Operation of Heating Systems (Hours)
	Mixed-Use Model (kWh/yr)
	TM46 Mean Monthly (kWh/yr)
	MAPE of the Mixed-Use Model
	MAPE of TM46 (Mean Monthly)





	January
	64,200
	281
	300
	57,414
	72,900
	11
	14



	February
	51,374
	253
	280
	48,247
	72,900
	6
	42



	March
	47,607
	224
	260
	39,666
	72,900
	17
	53



	April
	39,534
	264
	250
	44,951
	72,900
	14
	84



	May
	28,433
	171
	240
	27,951
	72,900
	2
	156



	June
	0
	93
	85
	5383
	72,900
	*
	*



	July
	0
	66
	45
	2023
	72,900
	*
	*



	August
	751
	36
	35
	858
	72,900
	14
	9607



	September
	5276
	110
	80
	5993
	72,900
	14
	1282



	October
	40,697
	214
	223
	32,502
	72,900
	20
	79



	November
	53,484
	272
	249
	46,128
	72,900
	14
	36



	December
	56,758
	310
	229
	48,349
	72,900
	15
	28



	Total
	388,114
	2294
	2276
	359,466
	874,800
	7
	125
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Table 6. Recorded data and monthly profiles and percent of errors compared with mean annual of CIBSE for the Nova Building, UCD.
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	Months
	Actual Gas Consumption (kWh)
	Mixed Use Model (kWh)
	Converter Model (kWh)
	TM46 Estimation(Mean Annual) (kWh)
	MAPE of Mixed Use Model
	MAPE of Converter Model
	MAPE of TM46





	January
	71,907
	64,550
	82,407
	81,320
	10
	15
	13



	February
	63,696
	54,244
	69,249
	81,320
	15
	9
	28



	March
	47,268
	44,538
	56,859
	81,320
	6
	20
	72



	April
	55,451
	50,538
	64,518
	81,320
	9
	16
	47



	May
	34,113
	31,425
	40,118
	81,320
	8
	18
	138



	June
	6739
	6053
	7727
	81,320
	10
	15
	1107



	July
	2784
	2274
	2903
	81,320
	18
	4
	2821



	August
	1116
	965
	1232
	81,320
	14
	10
	7187



	September
	8544
	6738
	8602
	81,320
	21
	1
	852



	October
	39,015
	36,569
	46,685
	81,320
	6
	20
	108



	November
	54,489
	51,895
	66,252
	81,320
	5
	22
	49



	December
	66,876
	54,438
	69,497
	81,320
	19
	4
	22



	Total
	451,998
	404,227
	516,051
	975,840
	11
	14
	116
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Table 7. MTEBs against TM46 UC benchmark and actual thermal consumptions.
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	Months
	MTEBs Based on Mixed-Use Model (kWh/m2/month)
	MTEBs based on Converter Model (kWh/m2/month)
	MTEBs

Mean of Both Models (kWh/m2/month)
	Mean of Actual Thermal Consumption of 10 Buildings (kWh/m2/month)
	TM46 Benchmark (kWh/m2/yr)





	January
	21
	28
	24
	24
	-



	February
	17
	23
	20
	20
	-



	March
	16
	21
	19
	18
	-



	April
	10
	14
	12
	13
	-



	May
	7
	10
	9
	7
	-



	June
	1
	2
	1
	2
	-



	July
	0
	0
	0
	1
	-



	August
	1
	1
	1
	1
	-



	September
	1
	2
	2
	2
	-



	October
	7
	9
	8
	8
	-



	November
	13
	17
	15
	15
	-



	December
	17
	22
	19
	18
	-



	Total
	111
	149
	130
	128
	240
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