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ABSTRACT
Energy consumption has become a hot topic in computer
and communication technologies pinpointing the need to
carefully analyse system efficiency. The energy consumption
of a system is determined by the usage patterns of system
components and complex interactions between the coexist-
ing entities and resources. Providing transparency of a sys-
tem’s consumption by breaking down the total consumption
is vital to evaluate and provide energy-efficient design and
operation.

In this paper we survey the apportionment problem in dif-
ferent fields such as computer systems, wireless sensor net-
works, mobile devices and energy-efficient buildings. The
challenge lies in how to attribute a share of the total energy
consumption to the responsible entities (e.g., applications,
processes or users of the system). Our analysis identifies
that energy apportionment is a common problem in differ-
ent fields and reviews five previously applied energy appor-
tionment policies. Also, the work identifies relevant further
research.

Categories and Subject Descriptors
C.4 [Performance of Systems]: Modeling techniques

General Terms
Design, Performance, Management

Keywords
energy apportionment; energy accounting; energy manage-
ment

1. INTRODUCTION
Energy consumption and its management have been clearly

identified as a challenge in computing and communication
system design. Energy consumption is obviously of paramount
importance for battery powered devices, but energy effi-
ciency has also become essential for plugged systems due to
core drivers such as sustainability and operational expenses.
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Even though it can be argued that energy is just another
resource and that common methods for resource manage-
ment could in principle be employed [16], energy manage-
ment poses its own challenges [23,34]. The energy consump-
tion created by a resource usage is complex since (1) the
amount of activity of an entity is often not proportional to
the consumed energy, and (2) energy consumption does not
generally reflect when the activity happened. Additionally,
the coexisting accesses to shared resources (e.g., different
components of the system) by the different entities in the
system aggravate the problem, which results in the actual
consumption not being the sum of what the entities would
consume using the resource alone.

Energy accounting is the procedure of quantifying, analysing
and reporting the energy consumption of different entities or
activities of interest in the system. It plays an essential role
to evaluate the efficiency of entities by revealing their con-
tribution to the total consumption and it has been identified
as a core element and prerequisite for efficient energy man-
agement. There is evidence supporting the fact that energy
awareness can aid to conserve energy [2,19]. Unfortunately,
energy accounting inherits the cost allocation or apportion-
ment problem of accounting in general, which does not have
a general single best solution [13].

Selecting an apportionment method entails a set of princi-
ples used to achieve some rational division, and thus we call
these methods energy apportionment policies. These refer
to the rule that prescribes the energy cost to each entity. We
illustrate the apportionment problem using two instances in
the context of mobile and wireless networks, but as we de-
scribe in the paper the problem arises in multiple different
contexts. In the first we focus in the energy apportionment
of a wireless interface.
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Figure 1: Energy apportionment example for a wireless in-
terface.



Apportionment scenario 1: Fig. 1 exemplifies a toy
apportionment case showing a simplification of a wireless
interface. The system is characterised by two states, ac-
tive and inactive, where an entity can perform communicate
(send and receive data) only in the active state. After every
transmission a timeout is activated which keeps the inter-
face consuming energy in an active state. The timeout is a
power management mechanism that also serves responsive-
ness by avoiding the transition delay from the inactive to
active state for subsequent transmissions. Many computing
and communication components or systems show a similar
behaviour, such as different wireless interfaces [3,15,18,32],
hard drives [17], Secure Digital cards [18] or even some elec-
tric appliances [21].

Fig. 1 shows the energy consumption of the entities if they
were alone in the system (i.e., in isolation). Examples of en-
tities are different applications using the wireless interface
or processes of interest. However, the actual total consump-
tion of the interface is not the sum of entities’ consumption
in isolation. Thus, in order to divide the total consumption
among the entities, the entities cannot be attributed their
energy in isolation. How should we prescribe a share of the
total energy consumption to the different entities in the sys-
tem? Equally dividing the energy consumption would mean
that entity 1 subsidises entity 2. Would a proportional ap-
portionment policy be better?
Apportionment scenario 2: We consider a scenario from
wireless sensor networks also applicable to an Internet of
Things context [9, 12]. Profiling the energy consumption
for network nodes in order to quantify the energy consump-
tion of user defined activities (e.g., a query) can support the
evaluation of the efficiency of the network or managing en-
ergy consumption. The apportionment problem arises when
simultaneous activities are present in the system since the
energy consumption does not only depend on the active us-
age of each activity in isolation. The contribution of each
activity to the total energy consumption of the sensor nodes
(including energy tails or between transmissions) needs to
be determined.

Additionally, the total energy consumption of the system
is determined by the sum of each node’s consumption. How-
ever, the contribution of each node to the total consumption
is not necessarily its own consumption since a node con-
tributes to other nodes’ energy consumption by being part
of the system (e.g., transmissions or beacons). Determin-
ing the contribution of each node requires a solution to the
apportionment problem as well.

In this work we identify the apportionment problem in
different areas of computer and communication technolo-
gies, ranging over computing [8,25], data centres [4], mobile
devices [6,15,16,18,23,35], wireless sensor networks [12,28],
and even energy-efficient buildings [5, 10, 29, 30]. Our work
provides an overview of the apportionment problem and
identifies relevant areas of study.

The rest of the paper is structured as follows: Section 2
introduces our system model used to reason about the ap-
portionment problem applicable to different contexts as well
as the background. Section 3 presents 5 energy apportion-
ment policies. The application context of the policies and
the energy accounting approaches are described in section 4,
and thus the description of related body of work is merged
with our analysis of the selected policies and their contexts.
Section 5 discusses the policies in terms of required infor-

mation and categorises the energy accounting approaches.
Finally, section 6 concludes our work and provides relevant
future directions.

2. NOTATION AND BACKGROUND
In order to formulate the different energy apportionment

policies we first introduce our system model and the corre-
sponding notation used in the rest of the paper. We also
introduce the apportionment policy definition.

2.1 System model
An energy consuming system is composed by the set of

entities N = {1, 2, ..., n} that cause the system which they
are part of to consume energy. We distinguish two types
of system interpretations: (1) common resource, where the
entities share a common energy resource, and (2) individual
resource, where each entity has an energy resource.

Examples of a common resource system are the comput-
ers in a datacenter or a battery-powered device shared by
different applications, whereas a set of mobile devices or sen-
sor nodes in an ad-hoc or sensor network are systems with
individual resources.

2.1.1 Common resource system
E(N) is the total energy consumption for a system con-

figuration of the N entities sharing a common resource. We
assume that equipment to measure E(N) is available (e.g.,
measuring the power consumption of a phone by intercept-
ing the battery terminals [32] or the mains connected to a
home appliance [5]).
E(S) is the isolated energy consumption of the entities in

S ⊂ N . Thus, E({i}) is the isolated energy consumption
of the single entity i ∈ N . E({i}) represents the energy
consumption of the entity i in the hypothetical case that it
was alone in the system, not considering the interaction of
the other entities in the system. This quantity is a construct
which is estimated (generally not measurable), for example
a single application running alone on a mobile device.

2.1.2 Individual resource system
Ei(N) is the individual energy consumption of the entity

i ∈ N given a system configuration of entities N . We as-
sume that equipment to measure Ei(N) at each entity i is
available. The total system consumption is

∑
i∈N Ei(N),

e.g., the total consumption of a network of sensor nodes is
the sum of nodes’ consumption in a network configuration1.
Ei(S) : i ∈ S, S ⊂ N , is the individual energy consump-

tion of the entity i given a system configuration of entities S.
This is a construct which is estimated (generally not mea-
surable). The total energy consumption for a given S ⊂ N
is

∑
i∈S Ei(S).

2.2 Energy apportionment policy
An energy apportionment policy Π prescribes the share

πi ∈ R to an entity i ∈ N of the total system consumption
of the system composed by N entities. A policy may use
different input information to apportion the total energy
cost among the entities. Equation 1 and 2 define Π for a
common and individual resource system respectively:

1E(N) is only applicable to the common resource case.



Π(E(N), N, ...) = (π1, π2, ..., πn) inRn (1)

Π(E1(N), ..., En(N), N, ...) = (π1, π2, ..., πn) inRn (2)

An apportionment policy should completely apportion the
total energy:

∑
i∈N πi = E(N) and

∑
i∈N πi =

∑
i∈N Ei(N)

for common and individual resource respectively. This is re-
ferred to as efficiency.

3. APPORTIONMENT POLICIES
We first categorise energy apportionment policies based on

the type of input information. An energy-based policy ap-
portions the system energy using different constructs with
energy as the only type of input information. A surrogate-
based policy may employ any type of information except en-
ergy. A hybrid policy would combine energy and surrogates.
In this paper we only consider energy-based policies.

This section surveys 5 of the most used apportionment
policies. We briefly describe each policy and provide ap-
plication examples, which are described in more detail in
section 4.

Table 1 provides an overview of the different policies, the
type of policy and in which context they have been applied
in the literature.

Table 1: Overview of the energy apportionment policies.

Nr. Name Context example

1 Equal division
Buildings [10]
Wireless sensors [9]

2 Proportional
to isolation

Mobile app testing [15,16,32]
Multi-core CPU [25]
Buildings [30]

3 Marginal
contribution

Operating systems [24]
Multi-core CPU [25]
Mobile GUI testing [35]

4 Isolation energy
and remainder

Wireless sensors [12]
Buildings [10]

5 Shapley value Mobile devices [6]

3.1 Energy-based policies
This section describes 5 energy-based policies. All poli-

cies can be formulated for common and individual resource
systems, but due to space limitation and to simplify the
presentation we present them using the common resource
notation.

All presented policies fulfill efficiency since we have nor-
malised the policies that did not meet this requirement in
their original sources (policies 2 and 3).

3.1.1 Policy 1: Equal division
The total energy consumption is divided equally by the

number of entities:

πi =
E(N)

|N |
(3)

This apportionment policy is regarded as the simplest pol-
icy and has been proposed in the context of energy-efficient
buildings [10].

3.1.2 Policy 2: Proportional to isolation
The resulting apportionment is proportional to the energy

consumption in isolation for each entity. The policy is the
same as the pro rata division of E(N) considering the stand-
alone energy:

πi =
E({i})∑

j∈N E({j})
E(N) (4)

The policy is proposed for mobile application energy pro-
filing, where the contribution of an application is assumed
to be its consumption in isolation [15, 16, 32]. The energy
consumption of a multi-core CPU is shared by the differ-
ent entities in proportion to their usage in isolation (in a
single core) [8]. The same idea has been also proposed to
share the cost of heating, ventilation, and air conditioning
(HVAC) systems [30].

3.1.3 Policy 3: Marginal contribution
This policy considers that the contribution of an entity to

the total consumption is its marginal contribution E(N) −
E(N \ {i}), i.e., the total consumption when the entity is
running minus the consumption when the entity is not run-
ning. The policy is normalised using all the marginal con-
tributions:

πi =
E(N)− E(N \ {i})∑

j∈N [E(N)− E(N \ {j})]
E(N) (5)

This policy was proposed for operating systems to account
for runtime energy consumption of individual system hard-
ware and software entities [24], multi-core systems [25] as
well as in mobile devices [35].

3.1.4 Policy 4: Isolation energy and remainder
The policy prescribes the allocation of costs as a function

of the energy consumption in isolation plus proportionally
dividing the additional cost/benefit of non-isolated use.

πi = E({i}) +
E(N)−

∑
j∈N E({j})
|N |

(6)

This policy is originated in the energy-efficient building
community [10], where the personal consumption is esti-
mated first and the rest is divided evenly (e.g., base energy
load of building elements such as HVAC). Similarly, in the
context of wireless sensor networks, the energy cost of mes-
sages received by a certain task is prescribed to the task
and the rest (e.g., synchronisation or message loss) is shared
evenly among the tasks [12].

3.1.5 Policy 5: Shapley value
Given the marginal contribution of i to a coalition S ⊆ N\
{i} given by E(S∪{i})−E(S), the Shapley value computes
the average marginal contribution of i averaging over all the
possible sequences through which the grand coalition can be
built from the empty coalition [27]:

πi =
∑

S⊆N\{i}

|S|!(|N | − |S| − 1)!

|N |!
[E(S ∪ {i})− E(S)] (7)

The Shapley value is a well known single value solution
from cooperative game theory applied to many cost sharing
problems in computer science [14, 26] as well as in other
fields [7]. Recently it has been argued to be the ground
truth for energy accounting in mobile devices [6].



4. ENERGY APPORTIONMENT APPLICA-
TIONS

This section is devoted to describe the application of the
above presented energy apportionment policies. We briefly
explain each approach, analyse and report which policies
they employ. The works are categorised in four different
contexts: processing and operating systems, wireless sensor
networks, energy-efficient buildings and mobile devices.

4.1 Processing and operating systems
PowerScope [8] is a work from 1999 that aims to map en-

ergy consumption to program structure by employing phys-
ical power measurements combined with kernel level system
activity information. The work considers a single-core CPU
(only a single process can be executed simultaneously) and
attributes a process the energy consumed when this is being
executed.

The work by Neugebauer and McAuley [16] discusses the
difficulties in estimating the consumption of each entity due
to asynchronous energy overheads (e.g., energy tails). They
propose that the apportionment should be done in propor-
tion to usage surrogates, such as the access time to a re-
source, the number of pixels used in a display or the trans-
mitted data traffic.

Ryffel et al. [25] and LEA2P [24] extend the idea of Pow-
erScope to multi-core systems where processes can run con-
tiguously. Policy 3 (Marginal contribution) is used to at-
tribute the total energy consumption of the system to pro-
cesses. However, obtaining the energy consumption values
is not feasible for some system components such as CPU
since processes run simultaneously. They propose to employ
indirect information based on performance counters in addi-
tion to power measurements to model energy consumption.
Then, they use Policy 2 (Proportional to isolation) to esti-
mate the apportionment cost of each process for the CPU
based on what they consumed in isolation. Policy 3 is said
to be fair without any formal justification or evidence.

Joulemeter [11] is a system to attribute the energy con-
sumption of a cloud server to the running virtual machines
(VMs). The energy consumption of each VM is estimated
based on measurement-based energy models and it is argued
that if the sum of the estimated energy is equal to the total
measured energy (i.e., efficiency) the apportionment is cor-
rect, which is not always the case. Similar to the previous
work, they propose to consider the energy in isolation as the
apportionment for each VM (similar to Policy 2).

4.2 Wireless sensor networks
Quanto [9] is an energy profiler for network nodes which

combines energy metering hardware and program activity
information to quantify the energy consumption for user de-
fined activities. They use the notion of activity as a logical
set of operations whose resource usage is grouped together
in order to help the developer understand the energy expen-
diture. An entity is a similar notion in our work.

By tracking the power state change events at driver level
Quanto estimates the energy breakdown of the different com-
ponents, and then the system quantifies resource consump-
tion of the activities. While a single-activity device is consid-
ered leading to a straightforward apportionment, they men-
tion that the apportionment for a multiple-activity device is

a policy decision and preliminary select to divide the energy
consumption equally, i.e., in a similar way to Policy 1.

Kellner [12] considers the context of dynamic sensor net-
works where various applications can query a sensor network
at any point in time. The work proposes a online energy ac-
counting system employing measurement-based finite state
machine (FSM) models to attribute energy consumption to
tasks. Since energy consumption does not only depend on
the active usage (e.g., energy tails or between uses), the au-
thor identifies several ways to divide the remainder energy.
Policy 4 (Isolation energy and remainder) is applied to mes-
sage reception where the cost of the messages which cannot
be attributed directly to any task are equally shared.

4.3 Energy-efficient buildings
A first and influential work by Hay and Rice [10] formu-

late the problem of attributing the energy consumption of
a building or organisation to individual users and identify
two requirements that a policy should satisfy: completeness
(i.e., efficiency) and accountability, meaning that the actions
of a user should have a maximal effect on their own share
and a minimal on the rest of users. Policy 1 (Equal division)
is proposed as the most basic policy, which is further devel-
oped using occupancy time as a surrogate of energy. Policy
4 (Isolation energy and remainder) is then proposed by first
calculating the personal load of a user and then dividing
the rest evenly. Their efforts then focus on estimating the
personal load more accurately employing sensors.

Similarly, WattShare [29] aims to attribute the energy
consumption of a shared building to individual occupants
(personal apportionment). Considering only the availability
of the total energy consumption measured at the smart me-
ter, their work proposes to employ smartphones carried by
the occupants to perform the apportionment by estimating
the electrical events (e.g., use of a TV) created by each user.

In the same context, Tsao et al. [30] investigate how to
attribute the energy cost of centralised heating, ventilation
and air conditioning system to different rooms in a build-
ing. They propose to employ Policy 2 (Proportional to iso-
lation) and argue that it satisfies efficiency and accountabil-
ity. There is no evidence showing that their apportionment
approach satisfies the two properties.

4.4 Mobile devices
Pushed by short battery lifetimes energy profiling has at-

tracted a great attention in mobile devices to improve soft-
ware energy efficiency. Our previous work EnergyBox [32]
develops a FSM-based energy model for wireless interfaces.
By isolating the traffic of an application the energy effi-
ciency of the applications is studied in isolation using En-
ergyBox [1,31]. Other studies perform a similar simplifying
assumption to profile the energy consumption due to com-
munication [20, 22, 33] which is similar to Policy 2 (Propor-
tional to isolation).

Similarly, WattsOn [15] is a system to estimate the energy
consumption by an application at the development environ-
ment which reuses and slightly extends previously developed
FSM-based energy models. This work considers that the en-
ergy consumption of the application is the total energy con-
sumption of the system when only the application is running
(i.e., similar to Policy 2).

Policy 3 (Marginal contribution) is employed to obtain the
energy contribution of graphical user interfaces with a focus



on optimising energy consumption from hardware, software
and application perspective [35].

Eprof [18] is an energy profiler for smartphones that em-
ployes system call-based resource usage information and FSM-
based models to attribute the energy consumption to appli-
cations (and activities within the application) for efficient
application development. They discuss different alternatives
to attribute the energy consumption of energy tails such as
equally (Policy 1) or proportionally dividing the energy cost
among the consuming entities (Policy 2). Finally, they pro-
pose to apportion the energy consumption of an energy event
to the last entity that used a resource in order to incentivise
the developer to batch energy events.

The recent work by Dong et al. [6] is the first work consid-
ering the application of cooperative game theory in the con-
text of mobile energy accounting. Policy 5 (Shapley value) is
argued to be the ground truth for the apportionment prob-
lem and they focus on providing an approximation of it.
Using physical power measurements they define every 10
millisecond interval as a game where the energy consump-
tion needs to be attributed to the active entities. By con-
sidering these short intervals they attempt to observe the
consumption of different coalitions (i.e., observing intervals
where only some entities are active) and employ a combi-
nation of the observed coalitions with hardware states (for
WiFi and CPU) to reduce the variance of the observations.
The unobserved coalitions are statistically estimated from
historical data. Their results show that other accounting
methods differ from their approach.

The presented applications of energy apportionment show
the relevance of the problem in different fields and empha-
sises the need for unifying and analysing approaches towards
energy efficiency.

5. DISCUSSION
In this section we preliminarily look at two different gen-

eral aspects in the following subsections: required informa-
tion and energy accounting approach.

5.1 Required information
The presented policies require different amounts of input

information to perform the apportionment and obtaining
this information might be harder depending on the system
context.

Policy 1 employs the minimum input quantity: E(N) and
N . Policies 2, 3 and 4 require the energy consumption of
|N | subsets. Policies 2 and 4 consider the energy in isolation
E({i}) and 3 considers the system energy excluding a single
entity E(N \ {i}). Policy 5 presents the highest information
requirement, requiring the energy consumption of all the
subsets of N (2|N|).

Thus, depending on the available information for a system
some policies seem more appealing than others.

5.2 Energy accounting approaches
Based on the applications of energy accounting surveyed

in section 4, we distinguish two general approaches: bottom-
up and top-down. Note that these are not necessarily related
to the policy categorisation, since one refers to apportion-
ment policies and the other to the accounting approach.

A common approach in energy accounting is to employ
energy models of the different resource components in the

system to estimate the contribution of each entity of inter-
est to the total energy consumption. Most works [11,15,18]
adopt a bottom-up approach where the total energy con-
sumption is constructed employing the estimated energy of
the components. Then, the energy is often apportioned to
the entity as the sum of the contribution to each component
using one of the described policies.

The advantage of modelling energy is that estimating E(S)
can be done directly with the energy models without requir-
ing external measurements. Additionally, the bottom-up ap-
proach attributes energy consumption to each component
providing excellent visibility and useful information for op-
timising software.

One of the major disadvantages of the bottom-up ap-
proach is that if the energy models (E function) are not
accurate the difference is propagated in the apportionment
and can lead to an apportionment not satisfying efficiency.
It is trivial to see that if E(N) is not measured and the esti-
mation is not correct, it will lead to a difference in the appor-
tionment. When physical power measurements are available,
a policy will satisfy efficiency by normalising the modelled
energy consumption to the measured consumption (i.e., like
we did for Policies 2 and 3). However, the difference will
still propagate the uncertainty in the apportionment.

The top-down approach employs power measurements and
divides the total energy consumption [6, 8]. Thus, it al-
ways satisfies efficiency. However, estimating the energy
consumption of E(S) is difficult and its approximation in-
troduces uncertainty in the apportionment as well. These
approaches often provide less information about component
consumption per entity.

We believe that a combination of both approaches is in-
teresting to study since a hybrid approach can benefit the
system by providing visibility useful for software optimisa-
tion as well as an efficient apportionment. Studying the
impact of the energy model accuracy or E(S) estimation on
the apportionment is also relevant.

6. CONCLUSIONS AND FUTURE WORK
Our work has shown that the energy apportionment is a

relevant problem in different fields such as operating sys-
tems, mobile devices, energy-efficient buildings and wireless
sensor networks and emphasised the need for unifying and
analysing the proposed approaches. In this paper we cat-
egorised and described a total of 5 different energy appor-
tionment policies.

Based on the method used to perform energy accounting,
we also distinguished a top-down and a bottom-up approach.
A combination of both approaches is suggested to preserve
the efficiency of the apportionment while still providing vis-
ibility of system’s resource consumption.

Extensions to this work include analysing the impact of
the information requirements in the computational complex-
ity of the policies and the type of input information. Fair-
ness considerations are an important aspect that deserves
further study. Many of the presented apportionment poli-
cies were said to be fair or developed to provide incentives
without any formal analysis. Finally, developing means to
measure or better approximate the system function is a key
capability for any energy apportionment policy.
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