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ABSTRACT 
Natural fibrous materials, such as lime-bonded hemp, 
are of particular interest for sustainable construction 
because of low embodied energy, carbon 
sequestration, a considerable smoothing out of 
internal temperature fluctuations and simultaneous 
regulation of relative humidity.  
Standard dynamic simulation models do not have a 
built-in capability to simulate the effect of such 
materials accurately, due to a specific material 
structure and combined heat and moisture transfer. 
This causes a considerable performance gap. 
The paper develops and experimentally validates 
transfer functions that enhance simulation results and 
enable accurate representation of the behaviour of 
buildings built from lime-bonded hemp. 

INTRODUCTION 
Natural fibrous materials, such as lime-bonded hemp, 
have low embodied carbon emissions resulting from 
carbon sequestration. Thermal diffusivity of these 
materials is much lower than that of conventional 
insulation materials (Jankovic, 2012), hence the rate 
of heat removal from the building is very low. There 
is also evidence of a considerable attenuation of 
internal temperature and relative humidity 
fluctuations, and this paper establishes an empirical 
method for predicting that attenuation. 
Based on information derived from Lime Technology 
(2014) it was calculated that a cubic metre of lime-
bonded hemp contains -133 kg of embodied CO2, 
whilst a cubic metre of a conventional brick and 
block construction contains +333 kg of embodied 
CO2. Taking this into account, our recent simulations 
of a 2000 m2 school building show that it would take 
14 years for a conventionally constructed building 
with a PV system that reduces CO2 emissions by 
40%, to equal the total of embodied and operational 
carbon emissions of the same building constructed 
from lime-bonded hemp without any PV. 
However, a wider application of this material is 
hindered by the absence of accurate design tools. 
Standard dynamic simulation models, such as 
DesignBuilder, IES, TAS, TRNSYS, EnergyPlus and 
others, do not have a built-in capability to accurately 
simulate the effect of such materials on building 

temperature and relative humidity. Due to the 
specific structure of lime-bonded hemp, heat travels 
via a maze of solid branches whilst capillary tubes 
formed between the solid parts absorb and release 
moisture in balance with the internal and external 
environment. The resultant heat and moisture transfer 
are too complex to be fully represented in simulation 
models, causing a considerable gap between the 
simulated and the actual performance. 
This is evident from a comparative simulation and 
monitoring of an experimental building constructed 
from lime-bonded hemp at the University of Bath 
(Figure 2), as shown in Figure 1. This figure shows 
measured values for external air temperature and 
relative humidity, and for internal air temperature 
and relative humidity, plus simulated values of the 
internal air temperature and relative humidity. Whilst 
there is a noticeable fluctuation of the simulated 
internal conditions, the measured values are quite 
stable. The root mean squared error between the 
measured and simulated values of temperature and 
relative humidity in this figure are 6.47 oC and 
12.33% RH respectively, showing a considerable 
simulation performance gap. 

 
Figure 1 A comparison between measured and 

simulated internal conditions in an experimental 
building built from lime-bonded hemp (monitored 

values courtesy of the University of Bath) 
 

The main aim of this work is to develop and 
experimentally validate transfer (response) functions 
that enhance simulation results and enable accurate 
prediction of the behaviour of buildings built from 
lime-bonded hemp.  
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A transfer (response) function in this context is a 
function that receives an input, modifies it and 
produces an output, introducing time delay effects 
between the two. Conceptually, every dynamic 
simulation model is also a transfer function. The 
notion of the transfer function as used in this paper is 
a function that modulates an input to produce an 
output using Fourier transforms. 
The paper will investigate whether the same 
relationship between the measured and simulated 
values in the experimental building exists in another 
building made from lime-bonded hemp, when both 
the experimental and the other building operate in a 
passive, unregulated, free floating mode. 
If the analytically determined degree of similarity of 
this relationship turns out to be high, this would 
enable the transfer function between the monitored 
and simulated values from the experimental building 
to be applied as a digital filter on the simulated 
values of temperature and relative humidity of 
buildings on a drawing board. The effect would be 
the morphing of the simulation results into results 
equivalent to monitored values of such non-existing 
building, and a reduction of the performance gap. 
The results of this work have a potential to enable a 
wider use of lime-bonded hemp materials in building 
construction, and thus contribute to a considerable 
reduction of carbon emissions from newly 
constructed buildings. 

THEORETICAL BACKGROUND 
In the 19th Century the French mathematician Fourier 
demonstrated that every periodic function could be 
represented with a combination of a series of sine and 
cosine waves with varying amplitudes and 
frequencies. The expression for a discrete Fourier 
transform (DFT) is as follows: 

f x =
a!
2
+ (a!

!

!!!

sin(kx) +   b! cos(kx))	   (1) 

Due to computational limitations of the DFT 
associated with higher number of harmonics 
(Jankovic, 2013; Jankovic 1988), the method 

reported in this paper will use the FFT – the Fast 
Fourier Transform (Press et al., 2007), which has no 
limitations on the number of harmonics.  
On this basis, a response function between monitored 
and simulated performance of an experimental 
building will be created as a ratio (de-convolution) 
between corresponding Fourier transforms. The 
response function will then be applied as a filter to a 
digital signal obtained from a simulation of another 
building. Assuming that the experimental building 
and the other building are of similar types, both built 
from lime-bonded hemp of similar properties, the 
convolution of the signal from the other building and 
the response function will be equivalent to the results 
of instrumental monitoring of that other building.  
Why the use and creation of filters and the Fourier 
filtering Method? Fourier transform is suitable for the 
representation of periodic functions, with exceptional 
accuracy. As previously reported, the root mean 
squared error between an original data set of hourly 
annual room temperatures and its Fourier transform 
was found to be equal to 0.0005 oC (Jankovic, 2013). 
This means that a data set of hourly room 
temperatures for the entire year can be represented 
with a single function with a very high accuracy. 
Establishing a relationship between two such data 
sets, for instance between simulated and monitored, 
becomes easily possible through establishing a 
relationship between the corresponding functions.  
The work presented in the paper will use two existing 
monitored buildings, however one of the two 
buildings will represent a building on a ‘drawing 
board’ (a future building). The method can therefore 
be summarised in the following steps, customising 
the approach by Jankovic (2013) for the application 
to lime-bonded hemp material:  
1. create a dynamic simulation model of an existing 

building built from lime-bonded hemp, which is 
also being monitored 

2. represent the time series of the monitored and 
simulated parameters, such as temperature or 
relative humidity, as separate Fourier series 

3. assume that the monitored time series is the 
result of a certain response function acting on the 

	   	  
Figure 2 Experimental building named Hempod (left) and its IES model (right) 

 



In Liora Malki-Epsthein, Catalina Spataru, Ljiljana Marjanovic Halburd and Dejan Mumovic (Editors); 2014, "Proceedings of 
the 2014 Building Simulation and Optimization Conference"; 23-24 June 2014, UCL, London, UK. 

simulated time series (in other words that the 
monitored time series is the result of convolution 
between the simulated time series and the 
response function) and obtain the response 
function through de-convolution of the two time 
series; this response function is named a ‘Fourier 
filter’ 

4. create a dynamic simulation model of a future 
building built from lime-bonded hemp and 
obtain time series of its performance parameters, 
such as temperature or relative humidity 

5. represent the time series obtained through 
dynamic simulation as Fourier series 

6. create a convolution between the Fourier series 
from the previous step and the Fourier filter 

7. the result is a representation of a time series of a 
monitored parameter for the future building built 
from lime-bonded hemp (a building that is at the 
design stage and therefore non-existing) 

This method is now specified using mathematical 
formalism and the definitions in the Nomenclature 
section of this paper. The objective is to obtain:  

mi,f, 1 ≤ i ≤ K (2) 

This is done firstly by creating the Fourier filter as a 
de-convolution of the series Mi,e and Si,e: 

Rj = Mi,e / Si,e (3) 

Having obtained the Fourier filter, the Fourier 
transform of the simulated time series of the future 
building si,f is obtained as Si,f. Subsequently, 
multiplication of the two Fourier transforms Si,f and 
Rj gives:  

Si,f Rj = Mi,f (4) 

and the inverse Fourier transform, as explained by 
Press et al. (2007), represents the convolution of Si,f 
Rj in the form of: 

Mi,f ⇒ mi,f, 1 ≤ i ≤ K (5) 

METHOD 
A practical application of the method outlined in the 
previous section requires special handling of the filter 
and the signal, which will be explained in this 
section. 

Creating the filter 
Time series used for the creation of filter were 
chosen from a period in the monitoring data in which 
the experimental building (Hempod, Figure 2) was 
not exposed to any unusual external influences. Data 
from monitoring of the Hempod, and from IES 
simulation of the same building were used, and the 
input weather data file in IES was amended to 
include external parameters from the monitoring. 
The FFT algorithm can only deal with the number of 
points equal to the power of two (Press, et al., 2007), 
so that N = 2m, where m = 1, 2, 3,…etc. Therefore 

the length of the time series used for creating the 
filter, restricted by the number of available points, 
was chosen to be 27 = 128 (Figure 1). 

 
Figure 3 Experiments with signal and filter padding 

This now enables the creation of Fourier filters for 
temperature and relative humidity, as de-
convolutions (ratios) of Fourier transforms of the 
individual time series, as per Equation (3). Thus, a 
de-convolution between Fourier transforms of 
measured and simulated relative humidity will enable 
the application of the filter on the relative humidity 
simulation results of another (future) building. A de-
convolution between Fourier transforms of measured 
and simulated temperatures will enable the 
application of the filter on the internal temperature 
simulation results of another (future) building. 
The ‘future building’ in this context is simply a 
building ‘on a drawing board’, a building that is 
being designed and therefore it does not physically 
exist and its actual performance cannot be established 
through instrumental monitoring. 

Applying the filter 
Annual simulations carried out with an hourly time 
step produce 8760 data points per parameter. Bearing 
in mind the power of two restriction for the FFT 
points, 8760 lies between 213 = 8192, and 214 = 
16384. The former number of points does not cover 
the full annual number of hours, and the latter 
exceeds them. We therefore need to use the latter 
number to cover the entire annual simulation of a 
building with an hourly time step. The remaining 
data points between 8761 and 16384 need to be filled 
with values that do not distort the result. 
Press, et al. (2007) suggest zero-padding of the points 
beyond those that exist in the data set. However, this 
approach resulted in a distortion of the result (Figure 
3), and much better result was achieved by padding 
the remaining data points by replicating the actual 
input signal data from the start. 
There were similar issues with the filter, which was 
128 points long and required padding to make it 
match 16384 signal points. Press, et al. (2007) 
suggest splitting the filter into half and zero-padding 
between the halves. This and various other zero-
padding approaches were investigated until it was 
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found that a recursive filter, which was repeated as 
many times as needed in order to match the number 
of signal points, achieved the best result (Figure 3).  

Figure 4 Air tightness test apparatus from the outside 
(top) and inside (bottom) 

MONITORING, SIMULATIONS AND 
EXPERIMENTS 
The method developed in the previous section will 
now be applied to an existing terraced house built 
from lime-bonded hemp. The application of the 
Fourier filtering method will help to determine the 
accuracy of this method and its implications on 
design of buildings that are on a ‘drawing board’. 
The house in question was under continuous 
monitoring of temperature and relative humidity over 
a period of two years, whilst air tightness tests 
(Figure 4) and a co-heating test (Figure 5) were also 
carried out during several weeks within that period. 
The house was unoccupied during the monitoring 
period, and had only a minimum heat input during 
the winter months, except in the first 10 days of 
January 2012 when a co-heating test was carried out. 
Thermal imaging after the co-heating test, combined 
with air tightness testing, revealed good consistency 
of the masonry construction with no thermal leaks 
through lime-bonded hemp (Figure 6a), whilst the 
majority of the heat losses occurred through 
conventional components (Figure 6a) & 6b)). 
An IES simulation model of the terraced house was 
subsequently developed, based on drawings and 
technical specifications, and using the results of air 
tightness tests (Figure 7). 
Before the simulation of the terraced house was 
carried out, the weather data file was partially 
synthesised using an EnergyPlus Weather (EPW) file 

	  

Figure 5 Co-heating test in the two-bedroom 
terraced house 

 

	  

a) External thermal image after co-heating test 

b) Loft hatch leakage during air tightness test	  	  
 

Figure 6 Thermal imaging of the terraced house 
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for the specific location, and consulting the 
corresponding technical documentation (DOE, 2012).  

	  

	  
Figure 7 IES model of the two-bedroom house 

(shown with the blue roof) 
 

Figure 8 Comparison between IES temperature, 
Fourier filtered temperature, and monitored air 

temperature of the living room 
Relevant parameters were replaced either with values 
obtained from monitoring (dry bulb temperature, 
relative humidity, global horizontal radiation), or 
with values derived from monitored data (dew point 
temperature, as per Vaisala (2013), and direct normal 
radiation and diffuse horizontal radiation, as per 
Duffie and Beckman (2006)). 
The Fourier filter was then applied to the outputs of 
IES simulation and the results are shown in Figure 8 
and Figure 9. During the period between the vertical 
green and red lines in Figure 8 and Figure 9, 
corresponding to the period between days 136 and 
287, there was no heat input into the house. As the 
experimental building from which the Fourier filter 
was derived (Figure 2) had been unheated and 
therefore in a free-floating mode, the unheated period 
in the terraced house, shown between the green and 

red vertical lines in Figure 8 and Figure 9, was 
chosen for this analysis. 

Figure 9 Comparison between IES relative humidity, 
Fourier filtered relative humidity, and monitored 

relative humidity of the living room 
 

Figure 8 shows the comparison between IES 
temperature, Fourier filtered temperature, and 
monitored air temperature of the living room of the 
terraced house. The Fourier filtered temperature 
profile was adjusted so that its average during the 
unheated period was aligned with the average of the 
monitored temperature during the same period. In 
practice, this alignment would occur as result of 
heating prior to the unheated period. 
In order to assess how close the results of analysis 
are to the monitored data, a root mean squared error 
was used as defined in Equation (6): 

𝜀 =
(𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑎𝑐𝑡𝑢𝑎𝑙)!!

!

𝑁
 (6) 

The analysis of temperatures in Figure 8 shows that 
the RMSE between the IES simulation and the 
monitored temperature during the unheated period 
was 4.89 oC, and the RMSE between the adjusted 
Fourier temperature and monitored temperature was 
1.48 oC. The relative magnitudes of these errors are a 
quantitative representation of the discrepancies 
shown in Figure 8: the IES simulation appears to be 
very inaccurate, with a considerable performance 
gap, and the adjusted Fourier temperature appears to 
have a considerably smaller performance gap. 
The analysis of relative humidity is shown in Figure 
9. Similarly to the alignment of temperature curves in 
the previous figure, the Fourier transform of the 
relative humidity was aligned with the monitored 
relative humidity by adjusting its average fluctuation 
to be equal to the average fluctuation of the 
monitored relative humidity during the unheated 
period. In practice this would be achieved by initial 
humidity regulation.  
As it can be seen from this figure, whilst the IES 
simulated relative humidity shows considerable 
fluctuations and the RMSE of 16.89%, the adjusted 
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Fourier filtered relative humidity follows the 
monitored relative humidity much closer, with the 
RMSE of 4.12%.  
This analysis therefore demonstrates that a Fourier 
filter obtained from an experimental building and 
applied on the results of simulation of another 
building has considerably reduced the simulation 
performance gap of that other building, both in terms 
of air temperature and relative humidity. However, as 
the RMSE between the adjusted Fourier curves and 
the monitored curves is non-zero, the question arises 
as to what are the design implications of this method? 
This will be analysed in the next section. 

DESIGN IMPLICATIONS 
The attenuated fluctuations of temperature and 
relative humidity resulting from the application of the 
Fourier filter will inevitably result in choosing a 
smaller plant size with a consequence of lower 
capital cost and lower energy consumption, in 
comparison with designs made on the basis of 
dynamic simulation alone. But how would this 
reduction be estimated? 
It is reasonable to assume that the reduction of the 
plant size and the energy consumption will be 
proportional to the ratio between the temperature 
fluctuations before and after the filtering, and taking 
into account the RMSE, which would give the upper 
and lower boundary of the reduction range. This can 
be expressed using the positive differences between 
the desired value (such as the set temperature) and 
the fluctuating values in the case of heating, and the 
negative differences in the case of cooling, as shown 
in Equations (7) and (8). 

𝑆! = 1 −   
𝑚𝑎𝑥 T!"#,! −   T!,! ±   

𝜀
2 , 0

!!!
!!!

𝑚𝑎𝑥 T!"#,! −   T!,!, 0!!!
!!!

 (7) 

 

𝑆! = 1 −   
𝑚𝑖𝑛 T!"#,! −   T!,! ±

𝜀
2 , 0

!!!
!!!

𝑚𝑖𝑛 T!"#,! −   T!,!, 0!!!
!!!

 (8) 

As the internal air temperature was monitored and 
therefore known, the set temperature in this analysis 
was replaced with the actual monitored temperature. 
Substituting the corresponding values in Equations 
(7) and (8), the following results were obtained: 

𝑆! = 0.65 ± 0.15   (7a) 

 
𝑆! = 0.81 ± 0.12 (8a) 

This means that, as result of the application of this 
method, the mechanical plant will be between 50% 
and 80% smaller in the case of heating, and between 
69% and 93% smaller in the case of cooling. There 
will be similar reduction in energy consumption, 
carbon emissions and running costs. Applying the 
same method of calculation to relative humidity, the 

reduction of a humidification plant size is estimated 
to be 0.83 ± 0.09, and the reduction of a 
dehumidification plant size is estimated to be 0.48 ± 
0.19. This means that the humidification plant will be 
between 74% and 92% smaller, and the 
dehumidification plant will be between 29% and 67% 
smaller. There will be equivalent savings on the 
running costs of humidification and 
dehumidification.  

DISCUSSION AND RESULT ANALYSIS 
The method presented in this paper can be regarded 
as an extrapolation of monitored data from an 
existing building applied to another building that has 
not yet been built. 
Although extrapolation can often lead to unexpected 
errors, the rigour of the method presented here gives 
a reasonable expectation of its accuracy and a 
potential to reduce the performance gap between 
dynamic simulation and actual building performance 
in buildings built from lime-bonded hemp. 
There are no critical inputs required for the 
simulation model in order to perform Fourier 
analysis, except that the simulated building needs to 
be based on the same materials as the source building 
used for generating the filter, and the simulation 
needs to be carried out in a free floating mode, with 
no heating or cooling input.   
Although the scale of estimated savings is in a 
relatively wide range between 50% and 80% in the 
case of heating, and between 69% and 93% in the 
case of cooling, the bottom line is that there is at least 
50% of savings on the heating plant size and running 
costs, and at least 69% savings on the cooling plant 
size and running costs. 
The savings will inevitably depend on the heating 
and cooling set temperatures, and on the desired 
humidity setting in the BEMS, and therefore the 
above reported savings would change with these 
different settings. However, the RMSE would remain 
the same, and therefore designers can use it in 
Equations (7) and (8) and estimate the savings for the 
particular BEMS settings. For instance, for heating 
set temperature of 19 oC, Equation (7) gives the 
saving of heating energy Sh = 0.83 ± 0.12, therefore 
between 71% and 95%. For cooling set temperature 
of 24 oC, the saving of cooling energy calculated on 
the basis of Equation (8) is Sh =1, therefore 100%. 

Notes on the method, application and constraints 
To recap, why the use and creation of filters and the 
Fourier filtering Method? As explained in the 
introduction, the Fourier transform is suitable for 
representation of periodic functions, and buildings 
are driven by periodic functions of external air 
temperature, solar radiation, and internal occupancy 
patterns. Fourier transforms are exceptionally 
accurate representations of data, so that the root mean 
squared error between the original data set of hourly 
annual room temperatures and its Fourier transform 
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was found to be 0.0005 oC (Jankovic, 2013). Once a 
time series of hourly simulation of room 
temperatures is encapsulated in a Fourier transform, 
it is easy to establish its relationship with a Fourier 
transform of the measured room temperature, and the 
relationship between the two is subsequently used for 
minimising the simulation performance gap. 
What conditions the experimental building needs to 
meet in order to generate the Fourier filter and to 
what other kinds of buildings this can be applied? 
Although the analysis in this paper was based on a 
relationship between an experimental building and a 
two bedroom terraced house, it is believed that this 
approach is scalable to larger buildings, as both were 
analysed in free floating mode without any heating or 
cooling input in the simulation model, and the two 
bedroom house was much larger than the 
experimental building. This will need to be 
confirmed by further research. 
What is the effect of occupancy on the performance 
gap? The analysis building temperatures that was 
used to derive the Fourier filter was based on 
unoccupied buildings, running in a free-floating 
mode. This analysis therefore deals with the passive 
regulation of the lime-bonded hemp material, 
regardless of the influence of any additional forcing 
functions, including occupancy patterns. These 
additional forcing functions will need to be 
investigated through future research, however it is 
believed that their influence will be subjected to the 
same attenuation on the building temperatures as 
influenced by the Fourier filter.   
Could it be that the way in which the performance 
gap is calculated is wrong? Or could it be that the 
monitoring method was incorrect and that the 
simulation was close to reality? On the one hand, the 
monitoring data comes from a calibrated system, and 
therefore it is unlikely to be inaccurate. On the other 
hand, the existence of the performance gap has been 
established through a body of independent research, 
and methods for its elimination are linked to post 
occupancy evaluation (Menezes et al., 2011). The 
work reported in this paper goes beyond the 
conventional post occupancy evaluation, by 
transferring POE results from an existing to a non-
existing building. 

Notes on signal and filter padding 
As shown earlier in the paper, zero-padding of the 
signal and the filter leads to a distorted filtered 
signal. Different numbers of zero-padded points will 
lead to different average values of the filtered signal, 
and thus cannot be considered as a realistic result. 
The approach discussed in this paper shows that 
replacing the zero-padding of the signal with padding 
using actual signal points leads to consistent average 
values of the filtered signal, and therefore to a more 
realistic result.  
The zero-padding of an extended filter leads to 
unrealistic smoothing of the fluctuations of the 

filtered signal. Longer signal and filter pairs with 
larger number of zero-padded filter points lead to 
greater smoothing of the filtered signal. Thus the 
result of filtering which involves zero-padding is 
affected by the length of the data set and therefore it 
cannot be considered to represent the behaviour of 
the modelled building.  Replacing the zero-padding 
in the filter with repeating the filter points to match 
the number of signal points, results in more realistic 
fluctuations of the filtered signal that is unaffected by 
the length of the data set, and it is therefore a much 
better candidate for accurate representation of the 
behaviour of the modelled building.  

CONCLUSIONS 
A discrepancy between design simulations and 
performance of an actual completed building occurs 
on a regular basis. This is commonly referred to as a 
‘performance gap’ and it is a major reason for 
building underperformance. The performance gap 
occurs in buildings made from well-known materials, 
and even more so in buildings made from new 
materials, such as lime-bonded hemp, which do not 
have an accurate and complete description in the 
mainstream simulation software programs. 
A method for reducing the performance gap of 
buildings made from lime-bonded hemp has been 
developed using principles for digital signal 
processing based on Fourier series. A digital filter 
that captures the relationship between Fourier 
transforms of monitored and simulated values of a 
relevant result in an existing experimental building 
was first developed. The filter was then applied to 
simulation outputs of a two-bedroom terraced house, 
morphing the simulation results into values that are 
closer to the actual monitored results than those 
obtained from the simulation. This was validated 
experimentally. 
The consequent reduction of heating plant size and of 
the corresponding energy consumption and carbon 
emissions was estimated to be in the range between 
50% and 80% in the case of heating, and between 
69% and 93% in the case of cooling. Similarly, it was 
found that a humidification plant will be between 
74% and 92% smaller, and a dehumidification plant 
will be between 29% and 67% smaller, with 
equivalent savings on the running costs. The savings 
will depend on the set values for temperature and 
relative humidity. For instance, for the heating set 
temperature of 19 oC the saving of heating energy is 
estimated between 71% and 95%, and for the cooling 
set temperature of 24 oC, the saving of cooling 
energy is estimated to be 100%. 
Therefore, this analysis confirms that the method 
presented in this paper works in the case of a terraced 
house built from lime-bonded hemp. It shows that the 
behaviour of an experimental building, captured in 
the form of a Fourier filter, can be used to morph the 
simulation results of a similar non-existing building 
into monitoring-equivalent results of that building. 
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This practically means that Fourier filtering method 
reported in this paper has significant design 
implications on buildings built from lime-bonded 
hemp, giving more confidence to designers as to the 
selection of the plant size, and the scale of possible 
energy consumption and carbon emission savings.  
The analysis reported here was based on a 
comparison between an experimental building and a 
two-bedroom terraced house. Both buildings were 
analysed in a free floating mode, without any heating 
or cooling input. The terraced house was larger in 
scale than the experimental building. For these two 
reasons, and considering the achieved reduction of 
the performance gap, it is believed that this approach 
is scalable to larger buildings. This will be 
investigated further as part of on-going research. 
The results of this work have a potential to enable a 
wider use of lime-bonded hemp materials in building 
construction, and consequently to contribute to a 
considerable reduction of embodied and operational 
carbon emissions from newly constructed buildings. 

NOMENCLATURE 
a0,1,…,k,  weighting factors 
BEMS, building energy management system 
DFT, discrete Fourier transform 
EPW, Energy Plus Weather file extension 
f(x),  periodic function of x 
FFT, fast Fourier transform 
max,  maximum of the temperature difference 
mi,e,  discrete values of the monitored time 

series of the existing building for 1 ≤ i ≤ K 
Mi,e,  discrete Fourier transform (DFT) of the 

monitored time series mi,e 
Mi,f,  DFT of the representation of monitored 

time series mi,f of the future building 
mi,f,  representation of the monitored time series 

of the non-existing building for 1 ≤ i ≤ K 
min,  minimum of the temperature difference 
n,  harmonics index 
K, total number of harmonics 
N,  number of data points/hours in the year 
POE, post occupancy evaluation 
Rj, the response function = the Fourier filter 
rj,  discrete values of the response function for 

1 ≤  j ≤ K 
RH, relative humidity 
RMSE, root mean squared error 
Sh,  saving of heating energy 
Sh,  saving of cooling energy 
Si,e, DFT of the simulated time series si 
si,e,  discrete values of the simulated time series 

of the existing building for 1 ≤ i ≤ K 
Si,f, DFT of the simulated time series si,f 
si,f,  discrete values of the simulated time series 

of the future building/the building being 
designed, 1 ≤ i ≤ K 

Ti,f,  Fourier filtered fluctuating temperature for 
i-th hour of the year 

Ti,s,  simulated fluctuating temperature for i-th 
hour of the year 

Tset,h,  heating set temperature 
Tset,c,  cooling set temperature 
ε, symbol expression for RMSE. 

ACKNOWLEDGEMENTS 
Collaboration with Lime Technology Ltd; with the 
BRE Centre for Innovative Construction Materials, 
Department of Architecture & Civil Engineering, 
University of Bath; with the National Non-Food 
Crops Centre; with Linford C-Zero Limited; and with 
Emission Zero R&D Ltd is gratefully acknowledged.  
REFERENCES 
DOE (1999). EnergyPlus Energy Simulation 

Software - Weather Data Format Definition. 
Available from http://apps1.eere.energy.gov/ 
buildings/energyplus/pdfs/weatherdatainform 
ation.pdf. [Accessed January 2014]. 

Duffie, J. A, and Beckman, W. A. (2006). Solar 
Engineering of Thermal Processes John Wiley & 
Sons. 

Jankovic, L., (2013). “A Method for Reducing 
Simulation Performance Gap Using Fourier 
Filtering”. In Proceedings of the 13th 
International Conference of the International 
Building Performance Simulation Association, 
25-28 August 2013, Chambery, France. 

Jankovic, L., (2012). Designing Zero Carbon 
Buildings Using Dynamic Simulation Methods. 
Routledge. London and New York. 

Jankovic, L., (1988). Solar Energy Monitoring, 
Control and Analysis in Buildings. PhD Thesis, 
The University of Birmingham. 

Lime Technology (2014). Tradical® Hemcrete® 
Embodied CO2. Available from: 
http://www.limetechnology.co.uk/pdfs/Tradical_
Hemcrete_Embodied_CO2.pdf. [Accessed 
January 2014].  

Menezes, A. C., Cripps, A., Bouchlaghem, D., 
Buswell, R. (2012). Predicted vs. Actual Energy 
Performance of Non-Domestic Buildings: Using 
Post Occupancy Evaluation Data to Reduce the 
Performance Gap. Applied Energy, Volume 97, 
September 2012, Pages 355-364 

Press, W. H., Teukolsky, S. A., Vetterling, W. T., 
Flannery, B. P., (2007). Numerical Recipes 3rd 
Edition: The Art of Scientific Computing. 
Cambridge University Press, Cambridge. 

Vaisala (2013). Humidity Conversion Formulas. 
Available from: http://www.vaisala.com/ 

 Vaisala%20Documents/Application%20notes/H
umidity_Conversion_Formulas_B210973EN-
F.pdf. [Accessed March 2014] 

 



In Liora Malki-Epsthein, Catalina Spataru, Ljiljana Marjanovic Halburd and Dejan Mumovic (Editors); 2014, "Proceedings of 
the 2014 Building Simulation and Optimization Conference"; 23-24 June 2014, UCL, London, UK. 

 


