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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 considers the use of liquid carbon dioxide and liquid nitrogen based cryogenic refrigeration systems for temperature 
controlled food transport applications and provides a comparative assessment of these systems with conventional vapour 
compression systems driven by an auxiliary diesel engine. Two refrigerated vehicles (one rigid and one articulated), two food 
products (one chilled and one frozen), and three delivery schedules (long multi-drop delivery, continuous multi-drop delivery, and 
short delivery) are used for assessment purposes. The analysis indicates that for all cases investigated more cryogenic fluid is 
required for food transport refrigeration compared to the quantity of diesel. For all delivery schedules, the Well to Wheel 
environmental impacts of cryogenic systems will be of the same order as those of diesel driven refrigeration systems. Uncertainty 
of diesel and cryogenic prices in the future makes investment in cryogenic systems difficult on economic grounds alone, and the 
unavailability of charging infrastructure currently hinders the use of cryogenic refrigeration systems for long distance 
transportation.  
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Nomenclature 
tionAsec  Surface area of each section [m2] 

pC  Specific heat of the product [KJ.kg-1.K-1] 

paC  Specific heat of the air [KJ.kg-1.K-1] 

ptC  Specific heat of the insulated body [KJ.kg-1.K-1] 

H Height of the door [m] 

rh  Heat of respiration of produce [kWh/kg] 

V  Payload volume [m3] 
k  Thermal conductivity of the material [W.m-2.K-1] 
m  Mass of payload [kg] 

cm  Mass of liquid cryogenic expanded [kg] 

condQ  Hourly thermal load due to conduction [kWh] 

ilQinf  Hourly infiltration load [kWh] 

preQ  Hourly precooling load [kWh] 

prodQ  Hourly product load [kWh] 

radQ  Hourly thermal load due to radiation [kWh] 

respQ  Respiratory heat load [kWh] 

1−AQs  Sensible heat load of infiltration air per square metre of doorway [kW.m-2] 

pulldownQ  Temperature pulldown load [kWh] 

transQ  Hourly thermal load due to transmission [kWh] 

materialR  Thermal resistance value of the insulating material  

sR  Sensible heat ratio of infiltration heat gain   

0T  Ambient temperature [K] 

1T  Desired thermostat temperature [K] 

tionUAsec  Heat flow through each section of the vehicle  

W  Width of the door [m] 
x  Thickness of the material [m] 
X  Conditional variable for the specific hour, ‘1’ if the vehicle is in operation, ‘0’ if the vehicle is not in 

operation  

tφ  Total solar radiation gain during the 24 hours period based on allowance factor 

aρ  Air density [kg.m-3] 

  
 
 

1. Introduction 
 
With one million transport refrigeration units (TRUs) currently operating in the EU and UK accounting for around 

84,000 TRUs, the current transport refrigeration sector using diesel powered TRUs is responsible for significant 
greenhouse gas and particulate emissions [1]. The number of TRUs in the UK is predicted to reach 97,000 by 2025 
increasing the amount of diesel that will be required to sustain the growth [2]. Articulated vehicles over 33 tonnes 
account for 80% of the refrigerated food transportation in the UK.  

Cryogenic transport refrigeration (TR) systems using liquid nitrogen (LN2) or liquid carbon dioxide (LCO2) are 
proposed as alternatives to current diesel-powered vapour compression systems, alongside all electric TR systems [3]. 
Cryogenic systems offer several advantages, such as, rapid pull-down of temperature, greater load capacity, and very 
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