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Abstract

Urban regeneration strategies promoting energy conservation are still in their infancy, and research 
on carbon neutrality in construction concentrates at the building level. Subsequently, there is an 
urgency to shift the focus from building-related interventions to comprehensive strategies for an 
energy-driven urban regeneration at the urban scale.

This paper proposes a prototypical high-rise energy-positive building based on current best prac-
tices and uses the case of a high-populated mid-rise compact neighbourhood in Kowloon City, 
Hong Kong, to test the systematic insertion of the prototype into the existing urban fabric. Fur-
ther, the study simulates the formation of a network of high-rise energy-positive buildings to serve 
the energy demand of the neighbourhood, testing two different spatial configurations.

Results show that the projected network could supply one-fourth of the current neighbourhood’s 
energy consumption, demonstrating the potential of networking energy production from diffused 
units for significant achievements at neighbourhood scale in high-density contexts. By illustrating 
a feasible and easily-replicable strategy, this study aims to pave the way for the exploration of the 
proposed approach by policymakers and urban designers for novel policies and near-term actions.
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1. Introduction

Cities account for nearly 60 per cent of the 
world’s greenhouse emissions (Shi et al., 2017), 
50 per cent of which are produced by build-
ings (Privitera et al., 2018). About 66 per cent 
of the world’s population is expected to live in 
urban areas by 2050, with an expected increase 
of global energy demand only for heating and 
cooling in buildings by an amount ranging be-
tween 7 and 40 per cent (in comparison with 
2010) (Güneralp et al., 2017).

Cities’ decarbonization will be significantly 
influenced by how the urban growth will be 
planned, organized, and managed during the 
following decades. Also, energy and emissions 
considerations at the beginning of the urban 
planning process will have crucial importance: 
as Güneralp et al. (2017) stated, one of the con-
sequences of the lack of investigation of energy 
performances of urban form is that the physical 
texture of existing cities is usually not flexible 
to change, creating long-lasting interdependen-
cies among land use, transports, and buildings. 
Urban forms consequently create long-lasting 
links between energy demand and carbon emis-
sions that will not be flexible enough to meet 
future energy performance standards. Energy 
considerations at an early planning level will be 
paramount, especially in areas of the world still 
undergoing urbanization.

Concurrently, between 65 and 75 per cent of the 
currently existing built environment is expected 
to exist till 2050 (UN-Habitat, 2016). Therefore, 
it is evident that the challenge of the next de-

cades will primarily concern the decarboniza-
tion of existing portions of cities that have been 
planned when energy conservation was not a 
priority. Urban regeneration initiatives are com-
plex. Usually, they consider well consolidated 
urban areas to change spatial composition for 
economic and sanitary well-being. Neverthe-
less, they can also meet the highest standards in 
energy consumption.

Every year in Hong Kong, about 600 buildings 
reach 50 years of age (URA, 2021); these build-
ings have low-energy performances and high 
energy consumption. How to regenerate exist-
ing buildings? Furthermore, on a larger scale, 
how to regenerate existing urban neighbour-
hoods? Shall be the vision of net-zero reached 
only at the scale of the constitutive buildings? 
Or can the vision be approached comprehen-
sively at the neighbourhood scale?

This paper argues that an energy-driven urban 
regeneration should entail the modification of 
urban textures through strategic design inter-
ventions to achieve higher energy performances 
at a larger scale.

2. Study area

Kowloon City is worldwide-known because of 
its Walled City, located close to the internation-
al Kai Tak Airport. In 1994, the Walled City was 
demolished and substituted by a Chinese gar-
den, while, in 1997, the airport was relocated. 
In 1998, the height restrictions (caused by the 
presence of the airport) were removed, allow-
ing a tremendous increase in buildings’ height 
(Hui, Y., 2000).
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While this area was just at the starting point of 
its vertical development two decades ago, Kow-
loon City is nowadays shaped by the emerging 
of a new building typology determined by site 
constraints and skyrocketing land values: the 
so-called “pencil tower” (HKIA, 2019). Usu-
ally, this typology’s footprint is so small that one 
level consists only of one apartment (25-45 m²), 
elevator space and scissors stairs for fire safety. 
Shared spaces are reduced to circulation ones 
(Yam, 2012). Some small lots of 5 m x 20 m 
can easily become pencil towers with a 100 m² 
footprint (HKIA, 2019). 

If this is the architectural product of cities with 
extreme urban conditions, on the other side 
Hong Kong, as almost all global cities, is go-
ing toward sustainability and innovation as the 
main drivers for development (Hong Kong Plan-
ning Department, 2016). The pencil towers and 
similar hyper-specific typologies are from the 
real beginning of the construction cycle striving 
for energy because of their massive embodied 
carbon. In addition, because of the small foot-
print and different ownerships, the flexibility 
of the building is compromised, affecting the 
possibility to plan regenerations. For this and 
other reasons, a sustainable approach driven by 
energy considerations will be most impactful if 
adopted early in the construction cycle.

In the residential sector, in 2018, 8.2 GJ (~2278 
kWh) of energy per capita have been consumed 
in Hong Kong, of which 5.6 GJ (~1556 kWh) 
of electricity (EMSD), 2020). Du et al. (2020) 
showed how the average energy consumption 
in Hong Kong also applies to high-rise residen-

tial buildings; therefore, in this study, the value 
reported by EMSD (2020) will be used for cal-
culation. In Hong Kong, the CO2 emission fac-
tor based on a territory-wide default value is 0.7 
kg CO2-e/kWh (HKGOC, 2021). 

2.1 An urban scale prototype

Kowloon City is a mix of residential, commer-
cial, retail and industrial buildings. Within Kow-
loon City, the Lung Shing neighbourhood, char-
acterized by predominant residential land use, 
has been selected for analysis. Lung Shing has 
a population of 15,268, a population density of 
50,242 persons/km², and it covers an area of 
0.3039 km² (C&SD, 2016).

Pencil blocks have appeared in Lung Shing in 
the recent past, and they are expected to con-
tinue to grow in number in the near future. 
The slim vertical constructions are creating 
a sort of neighbourhood podium-plus-tower 
structure, where the podium is made of a com-
pact mid-rise building ensemble of contiguous 
blocks. What if the new constructions sprouting 
from the compact texture will serve the whole 
neighbourhood’s energy exigencies? Hadavi et 
al. (2020) demonstrated that a compact high-
density pattern would function as a single ur-
ban block. Given that regenerating only the 
constitutive buildings of a texture limits energy 
achievements, is it realistic imagining to regen-
erate a whole compact neighbourhood compre-
hensively?

Seeking answers to these questions will provide 
an opportunity for an energy-driven revision of 
the pencil tower typology based on the energy 
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and emissions-related premises. Subsequently, 
this study will investigate the potential of creat-
ing a network of high-rise passive buildings in 
a high-populated mid-rise compact neighbour-
hood in a sub-tropical climate area.

Urban regeneration here is about regenerating 
the relation between energy supply and urban 
textures by point-like design interventions that 
will progressively evolve into an extensive net-
work of design interventions, which will sup-
ply clean energy to a mid-rise compact texture 
striving for energy. This energy-driven neigh-
bourhood-scale urban regeneration will over-
turn the current condition: the neighbourhood 
will no longer be only an energy consumer; dif-
ferently, it will become a large scale, partially 
autonomous energy system.

The first phase of the investigation will define 
a passive high-rise building prototype suitable 
for the study area. The second phase will in-
vestigate the integration of energy production 
systems (photovoltaic (PV) on façades and wind 
turbines on the roof) in the high-rise building; 
the energy produced in surplus will be injected 
into the power grid or stored in batteries. The 
third phase will entail the multiplication of high-
rise energy-positive buildings to form a system 
of energy-sharing towers; this network will pro-
vide a significant amount of energy from renew-
able sources. Finally, in the fourth phase, the 
network of towers will share the energy surplus 
with the compact podium at a neighbourhood 
scale.

Different scenarios on towers configurations are 
identified to maximize energy production and 

avoid obstructing wind flow and sun penetra-
tion as much as possible. The results show the 
potential of networking diffuse energy produc-
tion to achieve significant energy performances 
at the neighbourhood scale in high-density con-
texts. 

3. Methods

This study works with scenarios and illustrates 
the step-by-step application of the strategy pre-
viously introduced. In each step, authors have 
operated within codes-based limitations.

Considering the mentioned energy consumed 
per capita per year in Hong Kong (EMSD, 
2020), Lung Shing consumes (~15,000 people) 
× (~2,278 kWh) = ~34,000 MWh per year, of 
which ~23,000 MWh of electricity.

The target building will be a high-rise building:

- 24-story high (30-story high including the 
podium); as the compact mid-rise building en-
semble is on average 6-story high, a sufficient 
additional number of floors must be ensured to 
produce significant levels of on-site energy pro-
duction.

- dimensions: height: 101 m, length: 10 m, 
width: 12 m.

- population per story: 2 to 6, given an average 
floor area of ~90 m².

- energy consumption per year: (2,278 kWh) × 
(6 people) × (24 stories) = ~328,000 kWh
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3.1 Passive tower

Because of the hot and humid climate, as re-
search by Liu et al. (2020), solar protection by 
external shading is the most effective strategy to 
avoid overheating in Hong Kong. These findings 
were confirmed by the computation obtained 
using the software Climate Consultant, which 
reported that the sun-shading of windows con-
tributes by 14 per cent to the comfort indoor; 
concurrently, there is almost no need for heat-
ing (2.5 per cent of hours during the year) be-
cause internal heat gains contribute for the 27 
per cent. Cooling, instead, is the main contribu-
tor to energy consumption (needed for 38.8 per 
cent of hours during the year to reach indoor 
comfort).

Not all the energy-saving passive strategies 
would provide positive results in the given cli-
matic condition, which determines a high need 
for cooling. The effect of natural ventilation is 
not significant. At the same time, the most ef-
fective passive cooling strategies are reduction 
in infiltration, envelope insulation and improve-
ment in glazing types depending on the build-
ing’s orientation and geometry. Especially the 
reduction of infiltration rate would have effec-
tive results on the annual electricity reduction 
(Yu et al., 2020). 

When designed according to passive standards, 
the target building would see a significant re-
duction in energy demand, even up to 80-90 
per cent, compared to high-rise buildings not 
subjected to energy-saving strategies (Schnie-
ders et al., 2015). A conservative estimate of 50 
per cent energy demand reduction is consid-

ered, assuming the application of passive strate-
gies in the new pencil tower construction.

3.2 Power generation and towers network

A high-rise building type has been selected be-
cause of its great potential in energy production 
due to its exposition to external climatic factors. 
Building-integrated PV, installed on east, south 
and west façades above the podium, and wind 
turbines installed on the rooftop will produce 
electricity. Considering that the average height 
of the mid-rise compact texture is six stories 
(~20 m), high-rise buildings will be subjected 
to direct sun exposure from the seventh story 
onwards, while the wind turbines will receipt 
high speeds wind flows at upper levels. 

The main limitation of energy from renewable 
sources is the unreliability due to the intermit-
tence; however, as demonstrated by EnergyLab 
Nordhavn (ABB, 2017), large batteries can be 
integrated into the electricity grid; they can 
function as local energy storage.

3.3 Wind turbines integration

Kowloon City benefits from the geographical 
proximity to the ocean, gaining an average an-
nual wind speed of 8 m/s (Meteoblue, 2021). 
Integrating wind generators into residential 
high-rise buildings could give place to the phe-
nomenon of turbulence. However, in the case 
of a rectangular building structure, wind flows 
will be distributed along both roofs and façades 
(Park et al., 2015).

In order to maximize energy production, a ver-
tical rotor has been selected based on its sta-
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bility, and the installation of a generator unit is 
hypothesized on the target building rooftop. The 
vertical wind turbine Venger Wind V2 has been 
chosen as the most suitable model because of 
its successful results atop the Oklahoma Medi-
cal Research Foundation (OMRF) in Oklahoma 
City (Casini, 2015). The peak power for this 
model is 4.5 kW. All wind-related data used for 
the following calculations have been provided 
by Meteoblue (2021).

The power output (Pwind in the formula) of a wind 
turbine is determined by the formula (Apelfröjd 
et al., 2016):

Pwind = 0,5 × Cp(λ) × ρ × A × υ³

ρ: air density; Cp (λ): coefficient power; A: cross-
sectional area of the turbines; υ: wind speed.

The following formula determines the power 
factor of the wind turbine:

λ=  (ωt × R)/υ

ωt: speed of the rotation of the turbine; R – ra-
dius turbines

Wconsume (energy demand not covered by passive 
strategies, per tower yearly) = 164,000 kWh

Σ(Pout)= 2,492 W

Wout (wind-generated power per year, in 8,760 
hours) = 2,492 × 8,760 / 1,000 = ~22,000 kWh

 1 turbine:  Wout/Wconsume×100%= 13.5 % 

4 turbines = 88000 kWh = 54 %

3.4 Photovoltaic systems integration

The PV systems have been integrated into the 
target building’s south, east and west façades, 
assuming that the south façade gets the maxi-
mum solar exposure for five months per year 
(Jan., Feb., Oct., Nov., Dec.), while the west fa-
çade for the remaining time (computed by Cli-
maplus software). In the vision of decarbonizing 
Hong Kong, the Hong Kong Green Finance As-
sociation (HKGFA, 2020) optimized a window-

to-wall ratio (WWR) range for residential build-
ings: 0.2-0.7. The range has been considered in 
the following PV integration-related analysis. 
Considering both the target building dimen-
sions and the possibility to integrate PV in the 
upper section of the towers, the available height 
for the intervention is ~80 m. Subsequently, fa-
çades’ surfaces are (80 m ×12 m) = 960 m² and 
(80 m ×10 m) 800 m², respectively.

The PV coverage of the building’s façades has 
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Table 2. Energy production 

WWR South 
façade 

East 
façade 

West 
façade 

Electricity 
produced per 
year 

0.2 Area: 798 m2 
No. of panels: 399 
Total kWp 163.6 
Production: 
161,731.8 kWh 

Area: 640 m2 
No. of panels: 320 
Total kWp: 131.2 
Production: 
103 580,8 kWh 

Area: 640 m2 
No. of panels: 320 
Total kWp: 131.2 
Production: 
114,236.6 kWh 

379,549.2 
kWh 

0.7 Area: 288 m2 
No. of panels: 144 
Total kWp: 59.0 
Production:  
58,326.3 kWh 

Area: 240 m2 
No. of panels: 120 
Total kWp: 49.2 
Production: 
38,842.8 kWh 

Area: 240 m2 
 No. of panels: 120 
Total kWp: 49.2 
Production: 
42,838.7 kWh 

140,007.8 
kWh 
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been hypothesized ranging from 80 per cent 
(maximum, 0.2 WWR-related) to 30 per cent 
(minimum possible, 0.7 WWR-related), with 
two extreme scenarios, which projected the 
electricity produced, calculated by PV-GIS. This 
analysis considers a high-watt solar panel, mod-
el AC-410MH/144S of AxitecSolar (AxitecSolar, 
2021). Characteristics relevant to the study are 
dimensions (height: 2 m, length: 1 m, width: 
0.04 m) and nominal output: 0.41 kWp.

Based on the available area of each façade, a 
certain number of panels has been assigned, 
and the electricity production of each façade for 
WWR=0.2 and WWR=0.7 has been calculated 
(PV inclination: 60°). The electricity produced 
per year is summarized in Table 2.

4.Results

4.1 Wind turbines integration

One wind generator unit can provide up to 13.5 
per cent of the total consumption of the ana-
lyzed building. Because of the geometrical pa-
rameters of the generator, four units have been 
planned on the target building rooftop, thus in-
creasing the energy supply to 54 per cent. The 

future application of more advanced technolo-
gies may meet the full tower-related energy de-
mand.

4.2 Photovoltaic system integration

The application of PV systems leads to elec-
tricity production of 380 MWh and 140 MWh, 
for WWR 0.2 and 0.7, respectively. The target 
building’s energy demand is almost entirely 
covered by passive strategies and wind power 
generation, while the remaining small quota is 
supplied by PV (~ 75,000 kWh). Therefore, al-
most all the electricity produced by PV would 
be a surplus (305 MWh). Also, as calculated in 
PV-GIS, the result would be maximized by pan-
els’ inclination of 21° (south façade), 0° (east 
façade) and 6° (west façade). Such configura-
tion would produce ~485 MWh, increasing the 
electricity production by 28 per cent.

4.3 Network

The energy surplus will be shared with the 
mid-rise compact texture. The following steps 
will consider the electricity surplus produc-
tion (305 MWh) of WWR=0.2. As introduced, 
Lung Shing’s energy consumption accounts 
for ~34,000 MWh per year, of which ~23,000 
MWh of electricity. Results show that the pro-
totypical building can share 305 MWh: some 
111 new energy-positive pencil towers would 
be necessary to move toward a neighbourhood-
scale autonomous energy system; 75 target 
buildings would be enough to meet the current 
electricity demand instead.
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Table 2. Energy production
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4.4 Scenarios: high-rise prototypes configu-
rations in the existing built environment

In the proposed scenarios, 28 towers supply 25 
per cent of Lung Shing’s energy demand and 
cover 37 per cent of its electricity consumption. 
However, as it is realistic to expect, near-future 
advancements in technologies and further stud-
ies could both reduce the energy demand and 
contribute to increasing the energy production, 
then the combination of these two likely expec-
tations points in one direction: with the same 
number of new buildings, more energy quota 
will be covered.

Two different configurations are developed 
to maximize the exposure to the external fac-
tors determining the electricity production and 
avoid the obstruction often created by vertical 
forms, which may affect the wind-driven venti-
lation for passive purposes and reduce the wind 
flows necessary to energy production by wind 

turbines. By overlapping two radiation maps 
(Figure 1), the solar exposure of the existing 
texture has been analyzed (data collected on 
December 21 and June 21, time 07:00-18:00) 
by the software DIVA 4.0. The simulation is em-
ployed to individuate which positions in the ex-
isting built environment are the most suitable 
for the high-rise buildings’ construction. Thirty-
four suitable positions have been individuated.

After these premises, two configurations have 
been identified as the most suitable to maximize

 electricity production. Each scenario illustrates 
the integration of 28 high-rise prototypes in the 
existing built environment (Figures 2a, 2b), out 
of the 34 suitable positions individuated—CO2 
emission factor: 0.7 kg CO2-e/kWh (HKGOC, 
2021). Therefore, by these interventions, the 
emission of (305000 kWh) × (28) × (0.7 kg 
CO2-e/kWh) = 5,978,000 kg CO2-e = 5,978 
tons CO2-e would be avoided in Lung Shing 

Figure 1 Radiation map indicates the most suitable areas 
to build new tower prototypes, depending on solar expo-
sure —source: author.

Figure 2a-2b Two suitable configurations. There are 28 
tower prototypes out of 34 suitable individuated positions 
in each scenario.
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electricity production. Each scenario illustrates 
the integration of 28 high-rise prototypes in the 
existing built environment (Figures 2a, 2b), out 
of the 34 suitable positions individuated—CO2 
emission factor: 0.7 kg CO2-e/kWh (HKGOC, 
2021). Therefore, by these interventions, the 
emission of (305000 kWh) × (28) × (0.7 kg 
CO2-e/kWh) = 5,978,000 kg CO2-e = 5,978 
tons CO2-e would be avoided in Lung Shing 
neighborhood.

5. Discussion and conclusion

This study investigates feasible strategies for 
energy-driven urban renewal in a high density 
and compact built environment in Kowloon, 
Hong Kong. This paper tested a prototypical 
approach for high-density areas like Kowloon 
City consisting of interventions designed to 
produce energy on-site, serving the need of an 
entire neighbourhood. The proposed scenarios 
can supply 25 per cent of Lung Shing’s energy 
demand by electricity from renewable sources. 
Concurrently, the emission of 5,978 tons CO2-
e would be avoided. If, on the one hand, the 
proposed strategy will not achieve zero-carbon, 
technical advancement may significantly im-
prove the near-future performances of proto-
typical towers.

Energy regenerative approaches at larger scales 
can easier become part of the solutions to 
climate-related global problems, speeding up 
climate action by contributing to the achieve-
ment of easily-replicable low-carbon urban 
interventions. The simple strategies considered 
by this study can be applied to emerging build-
ings of any sector and kind. This building-by-

building intervention will form an integrated 
system to drive sustainable development and 
can be replicated on a larger scale. As adopted 
in the Brundtland interpretation (WCED, 1987), 
sustainable development meet today’s demand 
without compromising tomorrow’s generations.

This study aims to give inputs for innovative 
approaches, proving that creating a system of 
towers that will produce energy for a compact 
mid-rise texture is not a far ambitious scenario; 
it is possible. The illustrated scenarios are deliv-
erable by applying existing passive strategies to 
new high-rise buildings and maximizing energy 
production by integrating wind turbines and 
PV into new buildings. The study aims to shift 
the focus from building-related interventions to 
comprehensive strategies for an energy-driven 
urban regeneration at the neighbourhood scale. 
Nevertheless, the strategy can only be pursued 
through policies that incentivize the systematic 
application of energy-saving measures and the 
integration of renewable energy sources in new 
constructions. 
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