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Abstract. In a carbon free city, the energy demand, including thermal energy
(heating, cooling and hot water), power (ventilation and artificial light) in
buildings and transport, need to be covered by the renewables gained on site or
in the surrounding area outside of the town. This means a huge compensating
area is required for harvesting renewable energy. This paper aims to explore
the urban density that could potentially achieve the balance among three
requirements: energy saving, land saving, and human scale. By holding
constant of building type, number of inhabitants, thermal energy system, power
harvesting system, lighting system, traffic energy (electric car), and street
width of 25m, different scenarios of urban densities in various climate zones
were compared. The results show that, although increasing urban densities by
increasing number of storeys does reduce transportation energy consumption,
the rate of decreased transportation energy consumption slows down as the
number of storeys increases. Also, artificial light will reach saturation (100% of
hours of use) with increased number of storeys and, therefore, increase building
energy consumption. For cold or moderate climates, the optimal scenario would
be 4 to 6 storeys. For the hot and humid climates, the optimal choice would be
6 to 8 storeys. These optimal ranges of number of storeys provide good daylight
access and also fall into the range of human scale.
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Introduction

The Paris Climate Conference in 2015, also
known as COP 21, aims to achieve a legally
binding and universal agreement on climate
with the aim of keeping global warming
below 2 degrees. To achieve this goal, cities
will be key to a sustainable energy transition.
This means our cities need to replace thermal
energy (heating, cooling, and hot water) and
power (ventilation, artificial light) in buildings
and traffic with the renewable energy.
However, a critical challenge is that
reaching the renewable targets is not always
on the top of the priority list in the land-use
planning process. Different aspects of urban

development are competing with each other
for more space and they are often contradicting
with each other. For example, although larger
number of storeys creates more area of use
and reduces the demand for traffic energy,
it also leads to less daylight and solar access
to facades and increases the energy demand
on lighting and heating. And the increasing
demand for renewable energy also faces the
challenge of increasing need of addition land
outside of the city for harvesting renewable
energies with wind turbines, PV modules,
sustainable agriculture, and etc. The additional
land outside of the city is referred to as the
compensating land.

Also, higher buildings often do not fall into
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the range of a human scale neighbourhood.
Therefore, finding an optimal urban density,
which is defined as floor area ratio (FAR) or
plot ratio, and land-use planning that could
balance different development targets is a
crucial step in the development a carbon free
city. However, to date, most papers deal with
only one specific aspect of carbon free city and
there have not been many studies that include
both the considerations of human scale and the
land-use requirement of Zero Energy Building
(Chen and Dietrich, 2016).

This paper aims to answer the following
question in order to contribute to the discussion
by considering multiple aspects of urban
planning in the process of developing a carbon
free city.

Which urban density is the optimal one that
meets the requirement of energy saving, land
saving, and human scale in developing carbon
free cities?

Do results differ in different climates?

Methods, assumptions and measurements

For all calculations we assumed an optimized
situation of the cities that should hopefully be
fulfilled in the near future between 2030 and
2050. Today’s urban planning should include
these findings so that no further obstacle is
created for meeting the goal of COP 21.

The buildings have a minimized demand for
thermal energy:

For cold and moderate climates, such as
Hamburg, a passive house is assumed. For 6
months per year, mechanical ventilation with
heat recovery is needed. For 6 month per year,
the building is naturally ventilated. According
to an external shading system, a moderate
window size and intelligent ventilation strategy
are use. There is no cooling demand.

For hot and humid climates, such as
Singapore, cooling demand is minimized by an
external shading system, a moderate window
size and an intelligent ventilation strategy. Air
conditioning is running 12 month a year. There
is no heating demand.

Energy demand for hot water is assumed to
be constant for both locations.

For optimal daylight access the building

depth is assumed with 14 m. The building
distance is set to 25 m what corresponds to a
good standard street width. Artificial light is
assumed with 11 W/m? (energy saving bulbs).
For traffic it is assumed that the whole fleet of
cars has changed from combustion to electrical
engines.

All thermal energy is covered by a
geothermal system (on-site on the estate) with
a heat pump (HP). If the size of the estate is
not sufficient for heat pump to meet the heating
demand, compensating land is required and
here the wood pellets are taken into account as
an example. Similarly, if the size of the estate is
not sufficient for heat pump to meet the cooling
demand, a power driven split device is used.
All power demand (heat pump, split device,
ventilation, electrical equipment, artificial light,
traffic) is covered by PV-modules mounted on
the building’s roof. If this is not sufficient,
one of the options is to install wind turbines
for power production on compensating land
outside of the city.

All building related energy demands were
simulated with energy plus based software
(PRIMERO-COMFORT, 2009) . The effect of
increasing power demand for artificial light as
a consequence of shadowing from neighboured
buildings is included.

To facilitate the task it is assumed that the
thermal energy demand does not change with
the building’s shape and number of storeys.
As a consequence the only changing energy
demands are the ones for traffic and artificial
light. The energy demand for traffic is estimated
on basis of the work of Newman and Kenworthy
(1999)(see figure 3). Their famous hyperbola
describes the decreasing energy demand for
traffic with increasing urban density.

In the following investigations twenty
different scenarios of urban densities were
created by changing the number of storeys.
Table 1 presents these scenarios. The main
target is to compare the building energy demand
and the land-use requirement for estate as well
as for compensating land in various climate
zones. Different urban densities are simulated
by varying the number of stories from one to
twenty. The energy demand and the land-use
requirement for estate and compensating land
are compared. All results are related to 100

inhabitants.

2017, Universitat Politécnica de Valéncia

634



City and territory in the Globalization Age Conference proceedings

Result and analysis
Energy demand

The power demand has its basis on the
constant values for heating, cooling, hot water,
equipment and mechanical ventilation. The
power demand for artificial light and traffic
varies with the urban density (and thus the
number of storeys), they have to be added to
the total power demand.

In general, the power demand for traffic
decreases rapidly with increasing urban
densities but for larger urban densities the effect
becomes smaller. Power demand for artificial
light increases linearly with urban density. It
reaches its maximum at urban density 4.3 (with
the assumed 25 m street width that corresponds
to 4 storeys) and does not increase further
because the light already needs to be switched
on all the time. That leads finally to a minimum
in power demand at a certain urban densities.
And this number varies in different climates.
The detailed investigation is presented in the
following.

Percentage of detailed energy demand
Cold or moderate cimate

The results in figure 2 and 3 also indicate
that the effect of increasing urban densities
on different energy demands is positive on
artificial light and negative on traffic. The
energy demand for artificial light increases
with urban densities, while the energy demand
for traffic decreases with urban densities. But
this effect gradually becomes weaker and
weaker as the urban densities increases. More
specifically, when the urban density is larger
than 1.43 (with the assumed 25 m street width
that corresponds to 4 storeys), the demand
for traffic energy slows down as the building
becomes higher. Therefore, when the building
height is larger than 4 storeys, artificial light
becomes the dominant influence on the total
energy demand

Furthermore, when the building height is

taller than 8 storeys, urban density starts to
exert effect on energy demand for heat pump
for heating and hot water. This is due to the
fact that, when the urban densities are larger
than 2.87 (with the assumed 25 m street width
that corresponds to 8 storeys), the whole estate
is used up for heat exchangers. Additional
compensating land is required to harvest more
energy produced by wood pellets. When the
urban density are larger than 6.10 (with the
assumed 25 m street width that corresponds
to 17 storeys), more than half of the energy
demand for heat pump for heating and hot
water is produced on the compensating land.

Hot and humid climate

Comparing with Hamburg, the demand for
artificial light in general is lower in Singapore
because there is more daylight during the
hours of usage. When the urban density is
larger than 4.31 (with the assumed 25 m
street width that corresponds to 12 storeys),
the power for cooling starts to increase with
urban densities. Since power for cooling is
supplied by HP and supplementary power for
split device and HP is a constant value up to
12 storeys, the supplementary power for split
device is required when the building is taller
than 12 storeys. Because the estate area onsite
is already fully used for HP for cooling.

Land-use demand
Total demand of land
Cold or moderate climate

Figure 4 shows that the urban density of 0.72
(with the assumed 25 m street width that
corresponds to 2 storeys) requires the least
land for estate and compensating measure. The
land-use requirement for 2-storey building is
even smaller than 1 storey buildings. When the
building is higher than 2 storeys, the required
land increases. The speed of increase becomes
even faster when the building is higher than 8
storeys.

Further detailed results in figure 4 of about
the land-use demand in estate, compensating
land for power and heating provide the
explanation. When the buildings are taller
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than 2 storeys, additional compensating land is
required to produce energy for power demand.
When the buildings are taller than 8 storeys,
the whole estate is used up for heat exchangers.
Additional compensating land is required to
harvest more energy produced by wood pellets
for heating demand. Since the energy density
of wood pellets is smaller than the one of
heat pump, much larger area of land for wood
pellets is required off-site.

Hot and humid climate

Comparing with cold or moderate climates,
a building with 3 storeys, instead of 2
storeys, requires the least land for estate and
compensating measure in hot and humid
climates. The land use requirement for 3-storey
building is even smaller than 1- and 2-storey
buildings. When the building is higher than
3 storeys, the required land increases and the
speed of increase gradually slows down. There
is a further slow-down when the building is
taller than 12 storeys because there is no further
increase in power demand for artificial light.
Further detailed results in figure 4 of about the
land-use demand in estate, compensating land
for power and heating provide the explanation.
When the buildings are taller than 3 storeys,
additional compensating land is required to
produce energy for power demand. The power
demand increases linearly until 12 storeys
(corresponding to a ratio building distance to
building height of 0.65) and when the building
is taller than 12 storeys, the artificial light
reaches its maximum because the light is
always switched on and there will be no further
increase with the urban densities.

Effect of alternative energy harvesting
technologies (PV) on the compensating land
In this section, the results of land-use demand
for choosing PV as an alternative energy
harvesting technology are provided as a
reference for comparison with that produced
by wind turbines.

Cold or moderate climate

Figure 5 shows that, if the power is produced

with PV on the off-site compensating measure,
a 7-storey building and a typical street with
the width of 25 m is the most land-use saving
choice. When the urban density are larger than
2.51 (with the assumed 25 m street width that
corresponds to 7 storeys), there start to show
a rapid growth of land-use demand because
of the low energy density of compensating
measures using wood pellets for heating.

Hot and humid climate

Figure 5 also shows that, if the power is
produced with PV on the off-site compensating
measure, the higher the building the more
land-use saving it is in hot and humid climates.
However, the advantage becomes small when
the number of storey is larger 6 to 8 storeys.
Therefore, it is recommended to stay in human
scale. There is no need for compensating
measures for heating and only the need for
compensating measures for power. The energy
density of PV on buildings roofs and on land
outside of town are identical. Therefore, the
decreasing land-use demand can be explained
by the increasing urban densities.

Comparing  the  energy  harvesting
technologies used in the city center and the
one used outside of the city, the later has
stronger influence on the final results of the
off-site land-use demand. In other words, if
the energy density of the renewable systems
on site is higher than the one off site, the total
need of land grows rapidly with growing urban
densities. Because the land where high energy-
densiy systems could be used becomes smaller.
Thus, renewable energy production will be a
mix of all available technologies. For example,
the current distribution of the renewable power
production in Germany is 20% of PV, 14% of
water, 31% of biomass, and 35% of wind.

In the city center, we can choose the system
with high energy density, such as geothermal
and heat pump for thermal energy and PV
modules on the building’s roofs. Outside of
town, this becomes more difficult. Thermal
energy cannot be transported over long
distances (district heating/cooling) only as
material to burn (wood pellets, renewable
gas etc). Such a production has a very low
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energy density. PV has the highest energy
density but it is not a good idea to cover the
whole land outside of town with PV-modules
because that would hinder any other use,
such as monocultural agriculture, and creates
a competition with food production. The
best place for PV modules would be on the
building’s roofs and in the desert from where
power is sold to users. Furthermore, if we place
wind turbines onshore, the land could be used
furthermore for agriculture. If we place PV
modules, the land could not be used for other
purposes. In short, the value of compensating
land is different when the multiple functions of
land-use is taken into consideration.

Conclusion and recommendation

In this paper, different scenarios were created
to explore the relationship between urban
density, energy demand, and land-use demand.
This research also compares this relationship in
different climate zones using different energy
harvesting technologies. The results show that
low-rise buildings with high density may be an
optimal option. Itis suggested that the land-use
planning for renewable energy must measure
energy density as well as consider the amount
of land required by different building designs.
This research highlights the importance of
land-use policy and the need for urban policy
to create a more holistic view by including a
land-use requirement for energy harvesting.

With regard to the development of renewable
energies, our future must be based on power.
Such systems have the highest energy density.
With regard to the guidelines for sustainable
urban development: use the minimal urban
densities 1.0 (100 inh/ha) so that it stay in the
lower part of Newman-Kenworthy hyperbola
and create an energy efficient traffic system
based on tram, subway, bus etc. avoid too
high urban densities, as they do not reduce
energy demand remarkably but influence
daylight access and human scale negatively
building heights should be in the same range
to avoid shadowing of roofs for renewable
energy systems on site, choose the one with
the highest efficiencies, such as geothermal
or PV modules on building’s roofs select

compensating measures carefully so that there
is no competition between harvest of renewable
energies and food production, need of forests
etc.
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Figure 1 Twenty scenarios with different urban density and population density by number of storeys.
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Figure 2. Energy demand of different categories in Hamburg and Singapore.
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Figure 3. The detailed comparison of energy demand of different categories in Hamburg and Singapore.
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Figure 4. Effect of urban densities on the total demand of land and the detailed comparison of the land-use demand in
estate and compensating land for power and heating in Hamburg and Singapore.

%D Hamburg Singapore
'é’ 80000
IS
v
g
g
S .. 60000
-t
5 &

=
g2
£ g 40000
8 E
E
=
S 20000 -
k=t
2 L
=

L o o - -
1357 91113151719 13579%113151719
number of storeys number of storeys
compensating land heat total land (PV)

compensating land power(PV) estate
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