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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

The possibilities of reducing energy consumption in spray drying by monodisperse droplet generation have been explored. From 
heat/mass balances and droplet travel dynamics in a single-stream spray dryer, correlations have been established for the drying 
gas temperatures that satisfy given outlet product moisture contents for droplet streams of different diameters–with skimmed 
milk as a case study. The results suggest that energy consumption can be reduced by up to 90%, compared to what obtains in a 
conventional system that produces droplet sizes up to 10 times the desired size. An experimental single-stream monodisperse 
droplet dryer, based on piezoelectric atomisation has been constructed, with an imaging system for future validation studies.
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1. Introduction

Drying is a widely-applied energy-intensive process, accounting for 10-25% of overall industrial energy 
consumption in the developed world [1]. Spray drying, the primary method for producing dry powders from liquid 
feeds is a significant energy sink in for instance, milk production plants [2]. With the increasing strain on the fast-
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Nomenclature

CD Drag coefficient
Cp Specific heat capacity (J/kg K)
D Droplet diameter (m)
f Droplet generation frequency (Hz)
G Drying gas mass flowrate (kg/s)
g Gravitational acceleration (9.81 m/s2)
h Heat transfer coefficient (W/m2 K)
hfg Specific latent heat of vaporisation (kJ/kg)
M Mass (kg)
q Volumetric flowrate (m3/s)
Q Heat energy rate (J/s)
S% Percentage energy savings
T Temperature (°C)
Uloss Dryer body heat loss coefficient (W/m2 K)
Up Droplet velocity (m/s)
X Moisture content dry basis (kg/kg)
Y Drying gas absolute humidity dry basis (kg/kg)
z Droplet/particle travel distance dimension (m)

Greek letters
α, β, γ, λ, φ, ω Model fit parameters
ρ Density (kg/m3)

Subscripts
amb Ambient
cr Critical
d Dry matter (milk)
D Dryer
EQ Equilibrium
G Drying gas
in Inlet, input
or Orifice
p Droplet/particle
ref Reference
v Water vapour
w Liquid water

depleting global energy resources, stringent environmental regulations and high energy costs, innovative steps are 
needed to reduce spray drying energy consumption. Atomization has been regarded as the heart of the spray drying 
process [3] as it is inextricably linked to not only the drying kinetics and quality of the final product, but also to the 
energy efficiency of the process. Conventional spray dryers suffer from wide droplet size distributions of the 
atomised sprays. As droplet drying rate is proportional to its area per-unit volume, larger-diameter droplets imply 
lower drying rates per volume. Droplet falling speed also rises tremendously with diameter. A ten-fold increase for 
instance, in droplet diameter would lead to a 1000-fold increase in its initial velocity and approximately a ten-fold 
increase in its terminal velocity (neglecting diameter reductions due to drying).  Hence, for the same feed and 
process/equipment design conditions, a higher inlet air temperature is required to bring larger-sized droplets to 
desired outlet particle moisture contents. This leads to over-drying of smaller droplets; lower powder production 
rates and hence profit levels as the plant operates well-below the maximum permissible product moisture content; 
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