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Introduction 
Distributed energy generation is a major trend in the ongoing global 

energy transition that requires flexibility in energy systems, especially 

buildings. On-site energy storages can be used to balance intermittent 

renewable electricity generation. Analysing these systems is not 

straight-forward, and therefore simulation and optimization 

approaches for these problems have been studied. Their practical 

applicability still requires further investigation. 

In this study, an efficient, modular, and robust life cycle sustainability 

optimization approach for building energy systems is developed and 

tested on a campus building in Lahti, Finland. 

Methodology 
The case building is a former factory recently converted to a campus, 

with a ground source heat pump (GSHP) system and a PV power plant. 

Energy demand data for the building is obtained from a dynamic energy 

model built in IDA ICE software (Figure 1). Results are validated through 

comparing with measured data, resulting in under 5% difference on 

annual level. 

 

Figure 1. Dynamic energy model of the campus building 

The open-source energy system framework Calliope [1] is used for 

system optimization. In the model, excess PV electricity can be used to 

produce heat with GSHP and stored, directly stored as electricity, or 

exported to the grid. 

• Optimized variables: PV generation power, heat storage 

capacity and electricity storage capacity 

• Objectives: minimize life cycle emissions and/or monetary cost 

• Carbon neutrality of grid energy after 25 years 

• System lifetime 25 years 

• Real interest rate 5% 

Table 1. Component parameters used in the optimization 

Parameter Photovoltaic 
panels 

Water tank 
storage 

Lithium-ion 
battery 

Max. capacity 555 kW 10 MWh 10 MWh 
Investment cost 1 000 €/kW 20 €/kWh 300 €/kWh 
Life cycle CO2 1 200 kgCO2/ kW 

[2] 
0,011 kgCO2/kWh 

[3] 
150 kgCO2/kWh 

[4] 

Results 
Table 2. Energy system optimization results. Optimization objectives are presented as 
“monetary cost weight / CO2 emission weight”. 

Parameter Ref. 100/0 50/50 0/100 

PV generation peak power [kW] 111 555 111 111 
Water tank storage capacity [kWh] 0 1 982 2 619 10 000 
Li-ion battery capacity [kWh] 0 0 0 0 
Annual CO2 emission [t/a] 266 273 263 260 
Annual cost [k€/a] 665 663 666 674 

Relative to the reference scenario     

CO2 emission [%]  +2,4 -1,3 -2,2 
Cost [%]  -0,4 +0,1 +1,4 
Electricity import [%]  -4,8 +1,6 +2,6 

DH import [%]  -7,5 -9,1 -14,9 
Total energy import [%]  -5,7 -1,8 -3,0 

The results show following points: 

• All retrofits reduce total energy imports from grids. 

• Additional PV generation provides monetary benefits but does 

not reduce life cycle CO2 emissions with the current 

parameters. 

• Thermal water tank storage is affordable and provides CO2 

benefits due to low life cycle emissions. 

• Lithium-ion batteries are too expensive and produce too much 

CO2 emissions to be feasible. 

Discussion 
This kind of approach is relevant in the ongoing transition to carbon-

neutral energy systems. It is sensible to separate the optimization from 

dynamic building model to reduce computation load and required 

modelling time, especially as energy demand flexibility is still rarely 

deployed in current buildings. Sensitivity analysis can be especially 

useful in assessing the best possible retrofit configuration. 

Sensitivity is caused mainly by specific emission factors for the 

components, and future energy cost and emission projections. Results 

depend greatly on the projections: if grid emission factors stayed at 

current levels for the whole lifetime, additional PV installations are 

feasible in all scenarios. Including decommissioning and recycling in the 

component emission factors can further vary the obtained results. 
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