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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

This paper presents the development methodology of linear regression models that were developed for the prediction of annual 
thermal loads in representative residential buildings across three major climates in New South Wales, Australia, and the 
assessment of the impact of building envelope upgrades. A differential sensitivity analysis was undertaken for sixteen building 
envelope parameters, with six parameters being identified as significant. These six parameters were then explored using 
EnergyPlus simulation, and a number of linear regression models developed from the simulation outputs. Random values for 
design parameters were generated, and the results of EnergyPlus simulations using these parameters were used to verify the 
outputs of the regression models. The differences between regression-predicted and EnergyPlus-simulated annual thermal energy 
requirements were of order 10%-15%. The coefficient of determination (R2) was over 0.90, indicating a good agreement between 
simulation and the regression models, and suggesting that the annual heating and cooling energy requirements can be forecasted 
with an acceptable accuracy using the regression models. It is envisaged that the regression models developed can be used as a 
quick alternative to building simulation for residential buildings of the area and the climate covered by our study, and can serve 
to rapidly estimate the likely energy savings/penalty during the retrofitting design stage when different building schemes and 
design concepts are being considered. 
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1. Introduction 

Improving the efficiency of Australia’s existing building stock is crucial to reducing emissions in the near future. 
The existing building stock is replaced by new constructions in the order of 1-3% per year (Ma et al., 2012), 
meaning that  building new low energy constructions will not necessarily have a significant impact on GHG 
emissions in Australia in the short term. As a result, the upgrading of the existing stock to be of highly energy 
efficient buildings, and thereby reducing the GHG emissions, is one of the major challenges faced by Australian 
building sector in the recent years. Several studies have found that refurbishing of existing buildings is the most cost 
effective method to reduce emissions (IPCC, 2014, McKinsey & Company, 2008), particularly in the residential 
sector. This sector is one of the fastest growing areas in the building sector, and energy use and associated 
greenhouse gas emissions are projected to continue to increase in this sector in the future (Morrissey and Horne, 
2011).  

There is a significant potential for energy efficiency improvements in the residential building stock. 
Lechtenböhmer and Schüring (2011) found that up to 80% of residential GHG emission production could be 
avoided using relatively simple measures, e.g. better insulation of the different components of the existing building 
stock as well as the new buildings. However, selecting the optimal retrofitting strategy for dwellings and estimating 
their current and future energy demands loads is a complex task that involves significant knowledge and expertise 
(Ma et al., 2012, Lam and Hui, 1996, Catalina et al., 2013). Sensitivity analysis has been used extensively for 
assessing the thermal response of buildings and their energy and load characteristics (Athienitis, 1989, Buchberg, 
1969, Lomas and Eppel, 1992, Daly et al., 2014, Thomas, 2011), to allow proper selection of design variables and 
conditions to achieve higher building energy performance. 

The present chapter focused on the sensitivity of energy performance improvement parameters in representative 
building models developed from chapters 4 and 5. The purpose of the analysis is to assess the significance and 
influence of input design parameters. This chapter also aims to use regression analysis of building simulation results 
to develop simple energy estimation models, based on the building parameters which most strongly influence the 
buildings annual thermal energy consumption. The regression analysis was undertaken for fully air-conditioned 
models in three major climate zones across New South Wales (NSW). This chapter presents information regarding i) 
the identification of key building design variables using Differential Sensitivity analysis, ii) the development of 
simple energy estimation models using regression analysis and the Taguchi method, and iii) the evaluation of the 
developed regression models. 

2. Method 

Sensitivity analysis was employed in this study, to explore the sensitivity of simulated annual space heating and 
cooling energy requirements to changes to building envelope attributes in a range of representative buildings that 
were developed in previous studies (Aghdaei et al., 2016). The amount of energy needed to maintain indoor comfort 
conditions within recommended comfortable levels (NatHERS, 2012) was the output variable, and simulations were 
undertaken for three major climate zones across NSW. Parametric energy analysis was the undertaken to explore the 
design parameters which were found to be influential. Taguchi method and an Analysis of Variance (ANOVA) 
process were used for to reduce the modelling cost of the parametric analysis. The results of the parametric analysis 
were then used to develop a simple regression energy estimation models to estimate annual building energy 
consumption for the three major climate zones in NSW(NatHERS, 2012).  

2.1. Representative’s dwellings simulation models 

The process followed to develop the representative building types for the existing stock, using statistical analysis 
of Australian Bureau of Statistics data, has been reported previously (Aghdaei et al., 2016). For the current paper, 
three representative building dwellings were modelled, namely: 

Type A.  Brick veneer wall with suspended timber floor with ceiling insulation. 
Type B.  Double brick wall with suspended timber floor with ceiling insulation. 
Type C.  Lightweight wall with suspended timber floor with ceiling insulation. 
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The selected representative buildings significantly influence the outcomes of this work, as they form the 
foundation of all the subsequent analysis. The baseline building simulation models based on the representative 
dwelling types required the use of a number of assumptions regarding the generic building thermal properties. The 
key assumptions are outlined and described  Aghdaei et al. (2016).  DesignBuilder, a graphical user interface for the 
EnergyPlus simulation engine, was employed for all simulations in this paper. 

2.2. Differential sensitivity analysis 

To quantitatively assess the sensitivity of the dwelling space heating and cooling demand to different design 
parameters, it is useful to consider the relative influence of these input parameters. This study has calculated the 
non-dimensional influence coefficient (IC) for use as comparison indexes in dwelling envelop improvement design 
parameters effects. 

The base-cases , parametric ranges considered in this analysis and further information regarding this section can 
be found in Aghdaei et al. (2016). The models were first simulated using the base-case inputs. Then, the parameters 
of interest were varied one-at-a-time while keeping all the other parameters constant for three climate zones in 
NSW. The predicted total building space heating and cooling demand for each case and the average influence 
coefficient across each parameter range were calculated. 

The three major climate zones in New South Wales as defined by ABCB (2015) were selected as zones 5(warm 
temperate), 6 (mild temperate) and 7 (cold temperate). This climate classification was appointed to Mascot area 
(climate 5), Nowra (climate 6) and Goulburn (climate 7) weather data  (NatHERS, 2012). 12-month weather profile 
based on a “Meteorological Year (RMY)” climate files for 2012 from NatHERS have been used to simulate a 
typical year for every climate zones (NIWA, 2012) .  

2.3. Development of regression models 

There have been a number of previous studies using simple two-parameter regression analysis techniques for the 
energy analysis of buildings pre- and post- retrofits (Lam et al., 2004, Lam et al., 2010, Lam et al., 2002). A multiple 
regression technique was adopted in the present study to develop simple energy estimation models for representative 
simulation models in three climates.  

2.3.1. Taguchi design  
The database used for the multiple regression analysis should ideally consist of simulated annual building total 

space heating and cooling energy requirements covering all possible combinations of the main highly influential 
parameters (Lam et al., 2010). This process could result to several thousands of simulations and therefore the 
Taguchi design of experiment method was used to reduce the required model runs. This method uses a fractional 
factorial test design, termed Orthogonal Arrays (OA) (Yang and Tarng, 1998) and covers a high number of 
parameter sets. In this study, the Taguchi design order led to a total of 225 simulation runs: five different values for 
six design input parameters that were the found to be the most influential as a result of the differential sensitivity 
analysis described in Section 2.2. The resulting six most influential parameters are shown in Table 1 and will be 
reiterated in the results section of this paper.  

Table 1: Summary of base-case values and ranges for the representative simulation models load input parameters 

Parameters of interest Representative 
model inputs 

Range 
1st-Lower 

value 
2th 3th-Mid 

value 
4th 5th-Higher 

value 
Wall R-value (m2K/W)-WI 0.5 0 0.5 1 1.5 2 
Floor R-value  (m2K/W)-FI 0.4 0 1 1.5 2.5 3 
Ceiling R-value  (m2K/W)-CI 1.3 0 2.5 3.5 5 6 
Glazing types U-value  
(W/m2K)-G 

 Single 
 (5.8) 

Single (5.8) Single Low 
E (3.78) 

Double 
(3.16) 

Double Low 
E ( 2.6) 

Double Low E 
Argon (1.7) 

Airtightness -Ar Poor Very Poor Poor Medium Good Excellent 
WWR (%)-W 15 10 15 25 35 45 
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