We thank the reviewers for their helpful comments on our paper.
e  QOur responses are given in Red.
e Green italic indicate changes to be made to the text.
e Line numbers are as revised version with mark-up

Reviewer: Qi Li

This paper has provided an innovative perspective on the definition of anthropogenic heat flux QF,B, which
distinguishes it from the widely used proxy building energy consumption QEC. The key connection between
them lies in the building storage heat flux. The paper started with a conceptual discussion of their distinctions
and then conducted building energy simulation using EnergyPlus for a typical building in Beijing, China. Based
on a one-year simulation, the building storage heat flux and other relevant surface energy budget terms are
compared and discussed for different scenarios of building energy use and differences between QEC and QF,B.
The results caution the effects of such differences in future studies using the inventory approach to quantify
anthropogenic heat flux, especially in atmospheric modeling. The paper is well written and organized. I have
only minor comments.

Comments:

1. line 43: The last sentence of this paragraph seems to only discuss the building energy used for heating. It can
be rephrased in a more general heating and cooling context.

The heat generated inside buildings by human activities could occur independent of whether a building is heated
or cooled. We modify the statement to more explicitly indicate this.

Line 43:

For example, the heat generated from human activities inside buildings is released initially indoors (via heating
or cooling application), then transported through the building fabric by conduction, allowing it to be
transported into atmosphere by turbulent sensible heat flux and outgoing longwave radiation. In this process the
net storage heat flux (AQs) of building is modified since building fabric temperature is changed by absorbing
more heat from the internal heat generation.

2. line 53 — 57: The first two sentences appear a bit contradicting. The first sentence says that QF,B is the heat
released from buildings into the atmosphere and is zero when building is unoccupied. The second sentence
says that ‘heat released from the unoccupied building is non-zero’. I understand that heat released from the
unoccupied building is not QF,B. Perhaps it is less confusing and more consistent with introduction of Eq. 1
and Eq. 5 to mention first that regardless of whether human activities are present, buildings exchange (as you
showed later QF,B can be positive or negative, so not just releasing heat) heat with the atmosphere

To more clearly differentiate these two terms, i.e., building anthropogenic heat and building heat emission we
have modified the text.

Line 59:

If Qr p is the additional heat released from buildings into the atmosphere as a result of human activities inside
the building (including human metabolism), then when the building is completely unoccupied (e.g. no
operational appliances, no people: such as ‘ghost cities” in China (Shepard, 2015) or vacant in Dublin (Kelly
and Scott, 2018)); then Qp p is zero. However, the heat released from the unoccupied building is not zero
because there is still heat exchange between the building and ambient environment (see Eq. 1 and 2) as occurs
in other environments with large mass, such as forests (e.g. Oliphant et al., 2004) and rocks (e.g. Wang et al.,
2018). Qr p differs from building heat emission (BHE) (e.g., Hong et al., 2020; Ferrando et al., 2021) as the
latter is the total heat flux released from buildings to the ambient air (BHE ,,, = Q1,0 + Qpaguo T

Ly wolair—boi] — L1uo[boi—air) N0t due to human activities alone. Shortwave and longwave radiation can enter
the unoccupied internal building space through windows and conduction through walls. It modifies the heat
storage within building volume and temperature of building envelope and indoor air, subsequently have a
further influence on heat emission through sensible heat flux, outgoing longwave radiation and air exchange.
But this energy leaving the unoccupied building is not anthropogenic heat flux.
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3. Eq. 5 has subscripts ‘0’ to distinguish some of the common terms from those in Eq. 1. However, to
emphasize, it may be helpful to re-iterate that introducing of Qinteral,o on the LHS modifies the entire
energy balance in your chosen control volume.

Modified to introduce an additional time.
Line 76:

For an occupied building, the internal heat gain arises from: (1) the equivalent sources and sinks as the
unoccupied buildings; but also (2) the energy linked to the indoor human activities (metabolism, powered
appliances and energy inputs to heating or cooling). These will modify each of the energy balance fluxes. Some
of this additional energy is transported out of buildings through indoor-outdoor ventilation exchange and/or
HVAC systems, immediately contributes to Qr g, while some is stored in the building fabric, and is later
released outdoors through various pathways (convection, radiation, conduction) to become Q. g with a time lag.

4. Eq. 15: It appears to the reviewer that a long time limit exists, such that QF,B = QEC, as the long time
average of storage heat flux tends to zero. Also, does the simulation data support this speculation? Maybe
this is helpful to comment on, especially regarding using QEC from the inventory as a proxy for some
annual/seasonal averaged quantities.

Yes, we agree. Our year-long simulation data from building energy simulation show that annual mean storage
heat flux for case us and ov3 is -0.026 W m? and 0.068 W m™. Their difference is much smaller compared to
daily (from -7.685 t0 9.035 W m2) and sub-daily (from -44.848 to 41.818 W m™) scale. Thus it can prove Q=
Qec for annual resolution. The following text is added:

Line 163:

The sources of Qr g are from both energy consumption (Qgc) and difference of storage heat flux (AS,_,,,)
between unoccupied and occupied building (Qr p in this study includes part of Qp y from human metabolism). In
most prior studies, the second term of Eq. (15) is ignored. Although the storage heat flux over a year should
tend to zero, over short periods (e.g. sub-daily) AS,_,,, is not zero causing time lag and magnitude difference
between Or.p and Qkc. Therefore, estimation of Qr g by differences in heat emission between occupied and
unoccupied building can capture the impact of dynamic changes in the building storage heat flux especially at
sub-annual temporal cycle.

5. Fig.3: it may help visually to put a R=1 line.
The line R=1 is added in updated figure

Line 383:
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Figure 1: Qg g to Qg ratio (R) median (line) and IOR (shading) for (a-b) spring, (c-d) summer, (e-f) autumn
and (g-h) winter, using two unoccupied baselines: (a, c ,e, g) sealed (us), and (b, d, f, h) ventilation (uv),; each
with three occupancy types (colour): ovl: Only internal heat gains are applied and window is fully open; ov2:
Internal heat gains and natural ventilation control are applied. ov3: Internal heat gains, natural ventilation
control and HVAC system are applied. Black dotted line: Ratio R=1

6. Line 365: does AB refer to the definition in Eq. 9?7

Yes, AB is the net available energy added to or removed from the building in Eq.9. It has been cross referenced
in the following text

Line 416:

To understand the large daily variability of AS,_,,,, we use AB (net available energy from human activities in
buildings in Eq. (9)) to indicate the effect of human activities (heat addition or removal) in one day

7. Does the ambient temperature considered in the building energy simulation kept as an externally imposed
forcing? i.e., there is no feedback between heat released from the buildings and the ambient air

Yes, in this current study the ambient temperature in building energy simulation is from TMY forcing data
without feedback of heat ejection from building. We investigate this further elsewhere.

Reviewer: Alberto Martilli
In this manuscript authors analyze the difference between Building Energy consumption and heat flux ejected to
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the atmosphere by buildings due to human activities. They base their analysis on the comparison between a no
occupied building and one occupied. They first show, using conservation equations, why these two quantities
are different, and then they use a series of EnergyPlus simulations to quantify the differences. I like this
manuscript. [ think it highlights a very important point for urban atmospheric modelling. My few comments
below are oriented to improve the clarity and strength the message.

Comments:

1.1 strongly suggest authors to include a list of symbols. This will improve the clarity and help the readers to
follow the equations.

List has been added.
Line 512:

Nomenclature

Aoy Effective area of windows opening (m?)

ABo-uo Net available energy from human activities in building (W m™)

ABAEo-u0 Difference in heat transfer by air exchange between building and atmosphere between occupied
(o) and unoccupied (uo) building (W m™)

BHE Building heat emission to ambient air (W m?)

AHo-u0 Difference in Qi between occupied (0) and unoccupied (uo) building (W m™)

F [sky — boiy View factor from sky to building of interest

F fomner v — boiy  View factor from other buildings to building of interest

F [boi —skyy View factor from building of interest to sky

F jpoi —omervy  View factor from building of interest to other buildings

Ca Discharge coefficient

H Height of windows opening (m)

K Outgoing shortwave radiative flux (W m)

K, Incoming shortwave radiative flux (W m™)

Ly Outgoing longwave radiative flux (W m™)

Ly Incoming longwave radiative flux (W m?)

ALY, o0-uo Difference in Ly between an occupied (o) and unoccupied (uo) building (W m™)

AQs Net storage heat flux for the building volume (W m™)

0" Net all-wave radiative flux (W m?)

Quc Sensible cooling load from air conditioning (W m™)

OBaE Heat transfer by air exchange between building and atmosphere (W m™)

Or s Anthropogenic heat flux from building sector (W m™)

OF um Anthropogenic heat flux from metabolic activities (W m™)

Orr Anthropogenic heat flux from transport (W m™)

On Turbulent sensible heat flux (W m™)

Qs Sensible heating load (W m™)

Onvac Energy consumption by heating ventilation and air conditioning (HVAC) system (W m™)
Ointernal Internal heat gain within the building (human metabolism, lighting and appliance) (W m™)
Oaste Waste heat released to outdoor by HVAC system (W m™)

R Ratio of anthropogenic heat flux from building (OF ) to energy consumption (Qkc)
ASo-u0 Difference in storage heat flux between occupied (o) and unoccupied (uo) building (W m~)
Tave Average indoor and outdoor air temperature (°C)

AT Indoor and outdoor air temperature difference (°C)

Uw Reference wind speed at height of upstream airflow (m s™)

Vstack Buoyancy driven ventilation rate (m’ s*)

Vr Total ventilation rate from combined wind and buoyancy effects

Vi Wind driven ventilation rate (m> s)

2. Authors define Qr as “...the heat released from buildings into the atmosphere as a result of human activities
inside the building (including human metabolism)” (lines 53-54). Then in Qrs they include Quwaste.0 , the heat
emitted to the atmosphere by HVAC. Indeed, running the HVAC is a result of a human activity, so it is
understandable to include Qwaste,o in QFB , but I think it would be worth reminding here that not all the Qwaste,o
is coming from heat generated inside the building by human activities (e. g. lighting, powered appliances and
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metabolism). A significant part of this heat is energy that has entered in the building from outside in form of
radiation through the windows, or heat diffusion through the walls. In other words, an empty building with
HVAC functioning, would still have Qwaste.o different than zero. This energy, that is not from anthropogenic
origin, would have been stored in the building without HVAC. This message (to me one of the most important
of the study), is already implicit in the manuscript, but I believe it should be made explicit in the text.

We agree with the reviewer. This is very important and central to our calculations -i.e. the difference between
the natural heat entering a building, and being rejected outdoors by a HVAC system (human activity) vs not —
would be the simplest case (i.e. with no people or additional energy use). We have expanded the text

Line 109:

(2) Quvaco : energy consumption in the building from heating, ventilation and air conditioning (HVAC) system.
As the building may emit exhaust/waste heat (e.g. via HVAC systems), there is an additional sink (RHS) referred
to here as (wasteo. The cooling system, Qwaste,o Will remove energy from both anthropogenic (e.g. metabolism,
lighting, electrical appliance and Juvac.) and natural sources (e.g. solar radiation through windows, heat
diffusion through building envelope). Thus, only the natural sources occur in both the occupied and unoccupied
states. In a ‘simple’ occupied state, with HVAC operated only (i.e. no people or other appliances) there is a
difference in the building storage heat flux because of the alternative route to transport this natural heat of the
building out from the additional source of energy.

3.Lines 57-58 “This energy modifies the internal building volume...”. Energy cannot modify the internal
building volume, Please clarify.

It has been changed to make this clearer:
Line 67:

Shortwave and longwave radiation can enter the unoccupied internal building space through windows and
conduction through walls. It modifies the heat stored within the building volume and the temperature of the
building envelope and indoor air, subsequently influencing the emission of heat via sensible heat flux, outgoing
longwave radiation and air exchange. But this energy leaving the unoccupied building is not anthropogenic

heat flux.

4.Lines 65-66 “Some of this additional energy is transported out of buildings through indoor-outdoor ventilation
exchange and immediately contributes to Qrp”. HVAC also would immediately eject the additional heat.

It has been added:
Line 80:

Some of this additional energy is transported out of buildings through indoor-outdoor ventilation exchange
and/or HVAC systems, immediately contributing to QF, p.

5.Line 79 Just to improve clarity, and avoid misunderstanding, I would remind here that Qu is not the sensible
heat flux that could be measured on a mast in the inertial sublayer. This should include also Qwaste and QBak.

The following text has been added:
Line 117:

Here Qy only represents the convection heat transfer at building external surface (i.e. wall, roof and windows).
Both Quqste, and Qpag will be incorporated into the turbulent sensible heat flux by the time they reach the
inertial sub-layer (ISL) or constant flux layer (CFL). Hence, sensors (e.g. eddy covariance or large aperture
scintillometry) located in the ISL would observe this as Qy. The separation of these three terms is to better
understand how human activities (e.g. open/closed windows, HVAC operation) influence each heat flux. Urban
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canopy parameterisation (UCP) can use this information about the separate sources and their roles in the
urban energy balance to account for the modified fluxes by the time they reach the ISL. Additionally, it is
clearer for multi-layer UCP where vertically the energy should enter.

6. Figure 1. If AH is the difference in sensible heat flux from building surfaces between an occupied and an
unoccupied building, I am a bit surprised to see such small variability between night and day. I would expect
that the change in storage would affect more the heat flux, in particular during night

As clarified in comment 5, 4H represents the difference in convection heat transfer at building external surface,
not sensible heat flux as in urban surface energy balance.

In summer and the shoulder season, the natural ventilation (ABAE, Figure lc, f, i) and mechanical cooling
(Owaste , Figure 1f) are two dominant pathways to release Or, 5. The transfer of generated and stored heat by
those two pathways are faster than conduction through insulated envelope (U-values used are 0.512 (external
wall) and 0.318 (roof)). Hence, the change in storage heat flux (4S) has an inverse diurnal pattern to ABAE and
Owaste. The impact on 4H is relatively small and consistent in these three seasons.

In winter, without natural ventilation and mechanical cooling (Figure 11), 4H is the main pathway to emit heat
and its magnitude is higher than other seasons. As the internal heat gains are kept fixed (11.8 W m?), the diurnal
variation of 4S and 4H mainly depends on spacing heating. In the heating period (4:00 to 10:00, the varying
median (line) Qkc), diurnal pattern of 4S and Qkc are very similar, while 4H is almost flat indicating most of
the supplied heat is stored by building fabric and transported by conduction (insulation layer is external to
concrete). At 14:00 AH starts to increase as AS becomes negative; i.e. stored heat from spacing heating is
transmitted through the insulation layer to warm up external surface. The 10-h time lag is related to the thermal
inertia of the building. The small peak in AH is attributable to a relatively high thermal resistance.

7.Based on this study — Can authors derive some recommendations to users and developers of urban canopy
parametrizations that include simplified building energy models?

We add the following in conclusion section
Line 472

For developers of urban canopy parameterisations (UCP) there are several considerations because of
computational efficiencies essential for undertaking weather and climate modelling: (1) human activities within
building are modifying both the storage heat flux and the anthropogenic heat flux; (2) assuming within an UCP
that a ‘simple’ building energy model (BEM) (cf- a full building energy simulation scheme such as EnergyPlus)
will require some human activities to be simplified, such as using fixed ventilation rate, instead of dynamic
natural ventilation depending on both outdoor weather condition and thermal comfort requirements, and (3)
with a multi-layer UCP the appropriate levels for the impact of these energy exchanges can be accounted for.
Our current research is extending this analysis to consider moisture; and exploring the role of building
materials, construction, other aspects of building design and external meteorology. The outcome of this work
will also have implications for UCP development, as can help identify what can be simplified and what are
critical controls in different climates and urban settings.

8. As suggestion for future studies: it would be interesting to investigate how the use of HVAC systems
modulate the temporal behavior of the storage term also for other types of buildings (e. g. commercial), that
have a different human behavior (occupancy, schedule of operation, etc.). Given that storage is key in the
development of the nocturnal UHI — how does HVAC affect the strength of the nocturnal UHI?

We added the following text

Line 461:
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Our new approach should be used to provide data for future parameterisations of both anthropogenic heat flux
from buildings and storage heat fluxes for urban weather and climate modelling. We conclude that storage heat
fluxes in cities is also being modified by occupant behaviour, particularly by natural ventilation and mechanical
cooling. It is expected that the diurnal variation of AS,_,,, will vary with operation schedules for different
building uses (e.g. residential vs. commercial buildings). Given the release of stored heat is critical influence on
the nocturnal canopy layer urban heat island (CL-UHI), the impact of different HVAC operations on nocturnal
UHI should be explored further. This is an important factor to determine diurnal pattern of Qr, p in the shoulder
season and can be expressed more accurately. However, in different climates and with different social cultural
practices the periods most influenced will change. Further studies are being conducted to explore the impacts of
these, while also addressing feedbacks at the neighbourhood scale.
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