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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 

We describe a model adopted for tropical regions showing the dependence of surface solar radiation reaching the ground level, 
on atmospheric constituents. The spectral solar shortwave irradiance is calculated from spectral transmittance in a cloudless 
tropical atmosphere, based on Rayleigh scattering and aerosol extinction factors parameterized according to conditions 
characteristics of African Great Lakes region. A Monte Carlo simulation is used to calculate the transmittance and reflectance of 
a homogeneous atmosphere based on Rwanda, which in turn determines the solar radiation reaching the ground level. The results 
show that this simple model is sufficient for deriving realistic representations of the incident solar radiation on Earth’s surface for 
a range of atmospheric turbidity values. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy. 
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1. Introduction 

Solar irradiance is a measure of how much solar electromagnetic radiation is received on a specific receiver (i.e., 
power per unit area on the Earth’s surface). Solar irradiance is not a constant value, but changes throughout the year 
depending on the season, the time of day and the weather [1, 2]. 
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Not all the solar radiation reaches the Earth’s surface. At an average distance of 150 million kilometers from the 
Sun, the outer atmosphere of Earth receives approximately 1367 W/m2 of insolation [2]. Shortwave radiation (280-
2800 nm) is the energy source that drives evaporation, transpiration, photosynthesis, and many other important 
processes linked to agricultural systems [3, 4, 5]. 

It is difficult to obtain solar data at all locations because of the high cost of measurement equipment, operation 
and maintenance. Although there exist some empirical (sunshine based models) and meteorological models 
(meteorological parameters based models) to estimate solar radiation, these models often only have limited accuracy 
[2, 6]. Thus, developing a new model (i.e., based on atmospheric constituents) to characterize/predict solar radiation 
in tropical (i.e., Rwanda) regions based on Monte Carlo techniques is of great importance. 

Based on its geographical location, Rwanda is claimed to have enough solar radiation (approximately equal to 5 
kWh/m2/day with a peak of Sun hours of almost 5 hours per day) from land cover aspect, and slope characteristics 
for the placement of solar energy production sites [6]. 

Till date, there have been many spectral irradiance models developed, each adopting different approaches to 
understand and compute the amount of solar radiation transmitted through the atmosphere [2, 4]. Rwanda didn’t 
have any solar data records till 2013, reason why all the models were validated using satellite data. In this study, we 
are validating our model using recorded solar data.   

To avoid mistakes in sizing the PV plant, transmittance and extraterrestrial solar energy should be well assessed 
for a given region and especially for any site expected to host a PV plant.  

This paper represents a model designed to estimate the incident solar radiation at ground level, based on its 
interaction with atmospheric constituents. A Monte Carlo simulation is used to calculate the transmittance and 
reflectance of homogeneous atmosphere characteristic of Rwanda which in turn determines the solar reaching the 
ground level. In this simple model, the molecule and aerosols scattering plays a great role in determination of diffuse 
component of solar irradiance. By doing Rayleigh and aerosols scattering calculations under aerosol loading 
conditions typical for tropical high-altitude Africa (i.e. which wasn’t done in the past), a model for estimating solar 
radiation was developed. The aim of this study is to contribute and give more information about solar energy 
resources over Rwanda, through transmittance, which plays a big role in determining the solar radiation reaching the 
ground level. 

This work is laid out as follow: Section 2 presents the theory behind the model, Section 3 presents the method for 
case study used in this work, simulation results are discussed in Section 4, conclusion and future research are 
presented in Section 5 

 
Nomenclature 

I0, λ          extra-terrestrial solar radiation (Wm-2)  PV Photovoltaic 
θz  solar zenith angle (o)    m air mass (AM) 
Iλ incident solar flux (Wm-2)    τλ atmospheric optical depth 
Idir, λ direct irradiance (Wm-2)    T atmosphere layer transmittance  
Idiff, λ diffuse irradiance (Wm-2)    kext extinction coefficient   

IG, λ global irradiance (Wm-2)     ksca scattering coefficient 
ωo single scattering albedo    kabs absorption coefficient 
a surface albedo     P site pressure (hPa) 
R atmosphere layer reflectance   Po standard atmospheric pressure (hPa) 
 
          

 

2. Theory 

Shortwave radiation, which is the focus of this study, can be separated into direct and diffuse components. The 
sum of these two components is called global radiation (IG, λ). The direct irradiance incident to the horizontal is 
calculated by multiplying the direct irradiance (Idir, λ) by the cosine of the zenith angle (θz). Diffuse radiation (Idiff, λ) 
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