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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 

Hygrothermal analysis of building envelopes requires high-quality input data and thoroughly tested models. To improve a model 
developed in Comsol Multiphysics for assessing the hygrothermal performance of rammed earth constructions, flexible dynamic 
small-scale experiments are presented. First, an experimental study shows the sample production, test setup and methodology and 
some preliminary test results are included. Next, a numerical study to simulate and further design the experiments is carried out. 
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1. Introduction 

In the debate on energy efficient dwellings, accurate knowledge of the actual performance of the building fabric 
and of the pertinence of renovation actions is essential. Raw earth constructions represent a significant part of the 
world’s existing building stock. Despite their large variability, earth building materials have a common feature: they 
behave hygroscopically. This characteristic is source of a great potential for natural regulation of hygric and thermal 
states. Meanwhile, the moisture content in raw earth materials has a strong and sometimes baleful influence on their 
properties. Energy efficiency and insulation potential of the material can be studied theoretically [1]. A model for 
assessing the hygrothermal performance of earth has been developed [2,3,4]. This model was implemented for one 
material layer and the experiments used for its validation were complex, long and costly. In order to improve the 
model calibration and validation procedure, flexible dynamic experiments on material scale are presented here. 
Similar works exist [5,6,7,8] only for hygric characteristics of a single material. This paper aims at exploring 
extension of the dynamic methods’ experimental share to enable hygrothermal material characterization. The target 
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hygrothermal material properties to be determined are heat conductivity, vapour permeability and sorption isotherm. 
Raw earth being a locally manufactured and heterogeneous material, sample preparation is first discussed in detail. 

2. Experimental study 

2.1. Sample production 

The earth material used in this study originates from a former house in Dagneux, south-eastern France. Besides 
the practical relevance for studying this earth, on account of the number of dwellings to be renovated in this region, 
it has several advantages over other earths, such as its homogeneity and fineness [9]. The grading of Dagneux earth 
is shown in Fig. 1a, where d (mm) is the size of the sieve openings, and p (kg/kg) is the fraction of the total mass 
that passes through each sieve. The sample material is sieved at 5mm, thus preserving more than 95% of the 
original. So, the samples are considered to be representative of Dagneux earth.  

 
Fig. 1b shows in grey the results of Proctor tests on Dagneux earth, giving the sample dry density (oven-dried at 

105°C), 𝜌𝜌dry (kg/m³), obtained for a given compaction pressure as a function of the manufacturing moisture content, 
u (kg/kg). Indeed, as in rammed earth constructions, to create the lab samples the earth is wetted. The conditions in 
the lab are around 25°C and 50% RH. The earth is mixed by hand with distilled water that is gradually added until a 
total u of 10.4% is established. For determining u before and after the mixing, material portions of 120g are oven-
dried to constant mass at 105°C. Each time, this is done in triplicate and the portions are extracted from different 
locations in the bag containing the earth. After that, the bag is carefully sealed and the ensemble is given time to 
homogenise for two more days. The earth is now prepared for the sample fabrication, which also starts and ends 
with checking u, in the same way. All fifty produced samples come from the same bag, with values of u of the earth 
at the beginning and at the end of the fabrication series of 10.4% and 10.1%, respectively. 

 
A hydraulic press is used for the production of the earth samples (Fig. 2a). This method is preferred over the 

construction techniques used in practice (manual or pneumatic ram), for reasons of accuracy, repeatability, 
homogeneity and reproducibility. The press is controlled in displacement, the speed of compaction is chosen to be 
10mm/60s and the resulting compaction force together with the compaction displacement are registered for each 
sample. Fig. 1b shows in black the press result for an average sample. Lower pressures are required as compared to 
Proctor, because in the pressing process no energy is lost to heat due to impact. In order to facilitate the removal of 
the sample from the cylindrical mold that is used for the sample production (Fig. 2b), adhesive tape is pasted on the 
inner sides of the mold. With the proposed methodology, it takes one hour to fabricate one sample, the tape in the 
mold being the most time-consuming measure. For thirty samples an imprint of a sensor with height (H) 0.6cm and 
diameter (D) 1.7cm is placed at the bottom of the mold in order to create a recess in which the sensor will be placed. 

  
 

 
 
 
 
 

 
 

  
 
  
     

                        (a)                                                 (b) 
Fig. 1. (a) Particle size distribution [9]; (b) Proctor curves [9] (grey) and situation of press results (black).  
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