MATEC Web of Conferences 282, 02003 (2019) https://doi.org/10.1051/matecconf/201928202003
CESBP 2019
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Abstract. The building sector is crucial to reach the goals of common
climate agreements. This paper contrasts three approaches to reduce
emissions from typical residential buildings in Central Europe: the
instalment of electric heat pumps (eHP), a thicker insulation of the thermal
envelope and the encumbrance of a carbon tax. The use of less carbon
intense fuels allows major savings of GHG emissions. An insulation
thickness of 30 cm leads to GHG emission savings of 8% against a
thickness of just 12 cm, while total cost savings (LCC) remain negligible.
The introduction of a carbon tax of up to 250 €/t-CO,-eq. does not
necessarily result in a reduction of GHG emissions due to increased costs
of construction. It was further found that the focus of legal building
regulations on heating demand is sufficient for now but needs to be revised
as carbon intensities continue to decrease. The heating then reduces its
share of the GHG emissions from 85 to 55% for typical residential
buildings. The paper closes with a general expression of the lifecycle costs
of a building which is dependent on the factors above.

1 INTRODUCTION

The building sector is crucial to reach the goals of national and international climate
agreements, e.g. the Paris Agreement. Literature shows that for new residential buildings
the majority of emissions are caused by operating the building, while construction and
deconstruction contribute less significantly. [1] This is mainly due to higher insulation
standards that have evolved over the past years. Emissions from operation mainly result
from heating, mainly using fuel oil and natural gas. Nowadays, as latest statistics e.g. from
Germany show, electric heat pumps (eHP) and natural gas (NG) have become the most
common heating systems for new buildings in Central Europe. [2] Electricity is produced
very differently between countries and sometimes even within countries, which results in a
large range of emissions for eHP. To reduce the emissions from operating the building two
different approaches exist. On the one hand, a higher insulation reduces emissions during
operation but results in higher emissions for construction. On the other hand, a less GHG
intensive fuel reduces the emissions during operation without higher insulation standards.
This paper contrasts three approaches to reduce emissions from typical residential buildings
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in Central Europe: the instalment of electric heat pumps (eHP), a thicker insulation of the
thermal envelope and the encumbrance of a carbon tax.

2 Investigated cases, methodology and assumptions

2.1 Investigated cases

The investigation relates to a residential building representative for Central Europe. The
three-storey building has a total floor area of 712.8 m* and consists of 36 standardized
rooms. The standardized rooms are based on DIN EN ISO 13791 to allow for a simulation
of the heating demand in different cases.

The construction and insulation of the thermal envelope is in accordance with the
German regulation for newly built buildings, EnEV16, which is in compliance with
European directives. The outer walls consist of a load-bearing structure made of concrete
with a thickness of 25 cm and an insulation layer of 12 cm. For the latter, different
thicknesses will be applied in the investigation. The other parameters of the thermal
envelope remain the same as they are much more cost-intensive (windows) or delimit a
room with higher temperatures than the environment, such as the top floor ceiling.

The investigation presumes a humid continental climate.” This climate is representative
for big parts of Europe, i.e. the total area of Austria, Bosnia and Herzegovina, Bulgaria,
Czech Republic, Denmark, Germany, Hungary, Poland, Serbia, Slovakia, Slovenia and
Romania. Precisely, the weather scheme of Potsdam (TRY 4) is used.

2.2 Methodology and assumptions

The GHG emissions and non-renewable primary energy demand, along with other
emissions, are the result of a bottom-up lifecycle analysis (LCA) for the representative
building defined above.* While the quantities of the different building part, e.g. roofs and
walls, stem from the assumed geometry and used materials, the emission factors for the
materials are based on Skobau.dat.® While the emission factors for natural gas are as well
based on the 6kobau.dat the emission factors for electricity are taken from [4] and [5].

The economic balance, the lifecycle costing (LCC), relates to the same structure and
input data as the LCA. Above this, the LCC accounts for an assumed inflation of prices and
present values of investments. The assumed inflation rate is 2% p.a. for building parts and
4% p.a. for energy. The interest rate for funds is set to 2% p.a. Further details can be found
in [1] and [6]. Present values (PV) express all costs and economic effects associated with
the building in current terms.” As prices for costs of construction vary significantly
between different countries corresponding factors are used based on [7]. Both analyses
assume a useful life for the building of 75 years.

In order to evaluate the ecologic and economic impacts, two phases of the LCA and
LCC are balanced. The first covers all costs and emissions during construction,
refurbishment and demolition. The second accounts for the heating of the building.

In addition to the prices for the fuels used, costs for the emission of GHG are accounted
for. These costs would, most likely, be direct imposts on the fuel and based on their carbon
intensity (CI). This would allow to actively influence the choice of fuels used for heating

¥ The warm summer subtype (Dfb) is presumed with warm summers and cold winters.

* Further results, e.g. for different construction types or emissions, are presented in [1].

¥ Okobau.dat is a database for emission factors over the full lifecycle of building products.
" PV is the amount of money that needs to be invested at current to cover future payments.
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the building. Based on [10] and [11] carbon tax between 5 and 250 €/t-CO,-eq. are
assumed. In literature, prices even exceeding 250 €/t-CO,-eq. can be found. [12]

In order to investigate the impact of an eHP, the maximum range of factors are
calculated from three different representative CI and three SPF, taken from [4] and [13], see
Table 1. The three bold emission factors are considered for the further investigation. The
emission factor for natural gas also includes conversion losses, from primary to end energy,
of 10% and adds up to 265 g CO,-eq./kWh.

Table 1. GHG emission factors for net energy [g CO,-eq./kWh,].

Carbon intensitv (CI . Seasonal performance
(e COz-eq./kVt’yhf.et] : Sample countries 2 o (3$PF) H 4
300 Austria, Denmark, Slovenia 150 100 75

600 Bulgaria, Czech Republic, Germany 300 200 150

900 Poland 450 300 225

3 Results and discussion

3.1 Substitution of carbon intense natural gas with electricity

The costs and emissions for heating depend on the net energy demand for heating. The
initially investigated building has a specific heating demand of 48 kWh/(m?.a).

Figure 1 shows the total GHG emissions during the lifecycle of the building. It can be
seen that the CI of the used fuel has a significant impact on total emissions. In contrast, the
construction contributes only about 168 t CO,-eq., equivalent to 18 to 40% of the total
emissions. Heating is the major contributor to the total GHG emissions of the building.
Furthermore, the use of eHP is, for nearly all cases, beneficial compared to the use of
natural gas. For the following, the emissions of NG are assumed to be similar to an eHP
with a GHG emission factor of 300, as can be seen from Figure 1.
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Fig. 1. Total GHG emissions of the sample building.

3.2 Electric heat pumps and increased insulation

In order to reduce the heating demand of a building, further insulation can be added to
the building envelope. Here only the outer walls are refurbished which leads to two
opposing trends. On the one hand, the heating demand decreases and thus the emissions due
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to heating. On the other hand, the emissions from construction increase. Figure 2 shows the
impact of the variation of the insulation thickness. As in Figure 1, for most cases, heating is
the main contributor to the total emissions of GHG, ranging up to 84%. Only for an
emission factor of 100 g-CO,-eq./kWh,, the share of heating decreases to 55 to 64%.

As can be seen, the share of construction in total GHG emissions grows with increasing
insulation and decreasing emission factors. This is mainly due to the fact that additional
insulation has no significant impact on total emissions. The increase of construction for an
additional 34 cm is only 2.6%. In contrast, the heating demand is reduced by 16.5%. In
addition, Figure 2 shows that there is no minimum resulting in a technically feasible
insulation thickness. Moreover, for any insulation thickness the use of a fuel with a lower
carbon intensity is more beneficial than increasing insulation.
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Fig. 2. Total GHG emissions over insulation thickness of the sample building.

3.3 Costs of construction and heating

In contrast to the GHG emissions, which are of special public interest, the direct costs
are most important for building owners and users. The price for net energy depends on the
fuel price and the efficiency of conversion. From a price range for electricity of 0.1 to
0.3 €/kWh [14], as in Table 1, prices for net energy range between 0.15 and 0.03 €/kWh,,,.
Thus, prices of 0.05, 0.075 and 0.1 €/kWh, are considered in the further investigation.

Figure 3 indicates the total costs (LCC) as a function of the insulation thickness. In
contrast to emissions, the PV of construction accounts for about 90% of the total costs. The
costs for heating sum up to PVs of 56,000 to 155,000 €. While the costs for construction
increase only very little by the thickness of the insulation, the costs for heating decrease
asymptotically. Those two behaviours lead to the effect, that the total costs have a (global)
minimum. This minimum is, depending on the price of energy, at an insulation thickness of
15 to 25 cm. For each of the investigated prices, the total costs vary only negligibly by less
than 3% compared to the minimum. When only considering insulation thicknesses between
12 cm and 45 cm the change is less than 1%. Equivalent insulations thicknesses of 12 cm
can be found in current legal regulations for new buildings, such as the German EnEV.
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Fig. 3. Costs over insulation thickness of the sample building.

3.3 Taxation of GHG emissions

In order to reduce emissions, the effects of a taxation mechanism shall be investigated.
Such Pigouvian tax increase the price for energy, depending on its carbon intensity."" Thus,
the tax makes low carbon intense fuels more cost efficient. The considered rates of the
carbon tax range from 0 to 250 €/t-CO,-eq. The assumed energy price is 0.075 €/kWh,,.

Within the mentioned range, higher tax rates lead to an increase of the total costs (LCC)
with no significant shift of the optimal insulations thickness given a typical carbon intensity
of 200 g-CO,-eq./kWh,. A tax rate of up to 100 €/t-CO,-eq accounts for less than 2.5% of
the total costs. Only if the tax rate rises to 250 €/t-CO,-eq. emission costs for varying
insulation thicknesses contribute 5.4 to 6.4% to the total costs. For a carbon intensity of
300 g-CO,-eq./kWh,, tax rates exceeding 130 €/t-CO,-eq. lead to a share of 4.4 to 5.1% of
the total costs. For low carbon intense heating systems, the taxation of emissions has only a
negligible influence of 2.8 to 3.3% on the total costs of the building.

3.4 General calculation of costs

It can be easily seen that the optimal insulation thickness (d) of a building, expressed by
the total costs (LCC), is an optimisation problem depending on several parameters. In order
to give a general solution for this optimisation, the cost function will be derived. The costs,
as shown in Table 1, consist of the present values (PVs) of costs for construction (PV,), for
heating (PV}) and for emissions (PV,) of the heating. These are all dependent on the
thickness of the insulation. It can also be seen that the costs of heating and the cost of
emissions depend on the annual energy demand. From Figure 3 functions for the costs of
construction and heating can be derived. While the costs for construction are already
expressed as PVs, the costs for heating and emissions must also be discounted. Therefore,
the annuity present value factor (A) is used. Additional factors are used to account for
regional differences in prices and emission factors. Equation (1) allows to estimate the
optimal insulation thickness (d) in terms of PV of total costs (LCC) for a building using a
set of local or national parameters. The coefficients of the first polynomial are the cost per
insulation thickness [€/cm]. The other construction costs of the building add to

" In order to not increase the general cost of living, the tax revenue should be used to
decrease other costs making less carbon intense living more cost efficient.
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873,377.30 €. The coefficients of the second polynomial result from the simulations of the
specified building and indicate the heating demand depending on insulation thickness. The
formula, therefore, is specific for the sample building but could be adjusted to any other
building for which a simulation of the heating demand is performed. Equation (1) may
serve to estimate the impact of the parameters on the total costs (LCC) of a building. The
first derivative of equation (1) set to zero and solved for d provides the cost-optimal
insulation thickness.

PY(d) = (PVe) + (PVy)+ (PVe) M
=(424.61 *d +873,377.30) * RF,

+(2.14 *d*- 244.85 *d° + 10,505.96 *d” - 206,908.38 *d + 3,877,677.80)
*A *(RF,, *P,+ RF.*¥10° *P,)

d: Thickness of insulation [cm]

Py,: Price of heating [€/kWh,]

P.: Price of emissions [€/t-CO;-eq.]

RF.y: Regional factor of the construction costs/heating demand of the building [-]
RF,: Regional factor of the carbon intensity of the used energy [g-CO,-eq./kWh,]
A*: Compound annual growth present value factor [-]

4 Conclusion

The LCA and LCC of a typical sample building in Central European countries show
that the replacement of a heat generator using natural gas by an electric heat pump (eHP) is
beneficial in terms of GHG emissions for nearly every combination of SPF and carbon
intensity of electricity provision. Only the combination of very carbon intense electricity of
900 g-CO,-eq./kWh, which can be found in just one of the twelve countries (Poland,
Table 1), and an SPF below 3.5 leads to an increase of emissions. Thicker insulations lead
to reduced GHG emissions but the costs remain largely the same. The total costs (LCC) of
the sample building vary by less than 1% for insulation thicknesses between 12 and 30 cm.
The most feasible thickness is about 24 cm for most cases. The introduction of a carbon tax
leads to a small shift of that minimum to 30 cm and to a further reduction of GHG
emissions. Nevertheless, depending on the tax rate, the total costs increase by up to 20%.
For most of the cases the cost increase is about 7% and the reduction of GHG emissions is
about 2%.

The conclusion to be derived from this is that the first priority should be to use greener
fuels for heating rather than enforcing higher insulation standards or a carbon tax for
heating fuels. The presented equation allows to estimate the optimal insulation thickness in
terms of total costs (LCC) for a building using a set of local or national parameters.

As heating accounts for about 55 to 85% of the GHG emissions of a building during its
lifecycle it may be sensible to reduce emissions from heating through legal requirements.
For carbon intensities below 100 g-CO,-eq./kWh,,, €.g. from green electricity and high
SPF, half and more of the GHG emissions of a building can stem from the heating. A
similar effect, also a potential advantage of eHP, is that the annual GHG emissions decrease
with a decreasing carbon intensity of the electricity, without any doing of the building
owner.

Further measures should be considered which aim to reduce the demand of heated space
per person.

H6(1-k")/(1-k), where k = (1+g)/(1+i) with g = annual growth rate, i = discount rate and n
= useful life of the building.
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