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ABSTRACT —
< 1200
Federated Learning (FL) is an emerging machine learning technique (% 1000
that enables distributed model training across data silos or edge = 800
devices without data sharing. Yet, FL inevitably introduces ineffi- é 600
ciencies compared to centralized model training, which will further = 400
increase the already high energy usage and associated carbon emis- 5 200
sions of machine learning in the future. One idea to reduce FL’s © 0

carbon footprint is to schedule training jobs based on the availabil-
ity of renewable excess energy that can occur at certain times and
places in the grid. However, in the presence of such volatile and
unreliable resources, existing FL schedulers cannot always ensure
fast, efficient, and fair training.

We propose FedZero, an FL system that operates exclusively on
renewable excess energy and spare capacity of compute infrastruc-
ture to effectively reduce a training’s operational carbon emissions
to zero. Using energy and load forecasts, FedZero leverages the
spatio-temporal availability of excess resources by selecting clients
for fast convergence and fair participation. Our evaluation, based
on real solar and load traces, shows that FedZero converges sig-
nificantly faster than existing approaches under the mentioned
constraints while consuming less energy. Furthermore, it is robust
to forecasting errors and scalable to tens of thousands of clients.
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Figure 1: Quarterly wind and solar curtailments by the Cali-
fornia ISO [13]. Leveraging this renewable excess energy in
FL can drastically reduce its operational carbon emissions.

1 INTRODUCTION

The majority of today’s machine learning (ML) solutions perform
centralized learning, where all required training data are gathered
in a single location, usually an energy-efficient data center with
specialized hardware. Yet, in many practical use cases, it is not
feasible to collect data across a distributed system due to security
and privacy concerns or because large amounts of raw data cannot
be migrated from the deep edge to the cloud. Federated Learning
(FL) was introduced to address this issue by enabling distributed
training of ML models without transmitting training data over the
network [37]. In FL, we train a common ML model on clients that
cannot or do not want to share their data, by iteratively distributing
the model to a subset of them. Clients then train locally on their
own data and send back the updated models to the server, which
aggregates them before starting the next round.

Unfortunately, FL approaches require considerably more training
rounds than traditional ML and are often executed on infrastructure
that is less energy-efficient than centralized GPU clusters, resulting
in a significant increase in overall energy usage and associated
emissions [39, 43, 63]. Even without the application of FL, the train-
ing of large ML models is known to be an energy-hungry process
and has increasingly raised concerns in recent years [17, 52, 61].
As models keep growing in size and complexity, this problem is
expected to aggravate, which is why there are numerous efforts
towards more energy-efficient algorithms and hardware to reduce
the carbon footprint of Al Yet, when focusing on reducing emis-
sions, “using renewable energy grids for training neural networks
is the single biggest change that can be made” [16, 42].

In this work, we study how the operational carbon emissions of
synchronous FL training can be reduced to zero by operating under
the hard constraint of only leveraging renewable excess energy
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and spare computing capacity at cloud or edge resources. Excess
energy, also called stranded energy, occurs in electric grids when
more power is generated than demanded or when the grid does
not have sufficient capacity for transmission. If the oversupply
cannot be stored in batteries (which are expensive and only avail-
able in a limited capacity) or traded with neighboring grids (whose
excess energy patterns often correlate) the last resort is curtail-
ment, the deliberate reduction in production. Through curtailment,
the California Independent System Operator wasted more than
27 million megawatt-hours of utility-scale solar energy in 2022,
which is around 7 % of their entire solar production [13]. Due to
the increasing penetration of variable renewable energy sources,
the amount of curtailed energy is only expected to grow, as shown
in Figure 1. At the same time, many existing computing infrastruc-
tures are frequently underutilized or could be overclocked if the
occurrence of excess energy justifies reduced energy efficiency [14].
To make better use of these resources, carbon-aware computing,
i.e. considering the spatio-temporal availability of low-carbon en-
ergy during scheduling, has attracted much attention in recent
years [6, 19, 35, 44, 59, 60, 66].

FL is a promising workload for carbon-aware computing, as it
consists of energy-intensive batch jobs that are scheduled in geo-
distributed environments (to leverage spatial resource and energy
availability) without strict runtime requirements (to also leverage
temporal variations). However, as excess energy and the availability
of spare computing resources can be highly volatile, not explicitly
taking them into account during client selection can lead to signifi-
cantly longer training times due to stragglers: clients that perform
less local training than expected, or become entirely unavailable dur-
ing a training round. Furthermore, energy-agnostic selection strate-
gies can introduce biases by disproportionately selecting clients
that have a lot of excess resources available throughout the train-
ing. Yet, the idea of aligning FL scheduling with the availability of
renewable energy has so far only been studied theoretically and
under assumptions like independent and identically distributed
(iid) data and fixed “energy arrival" patterns that are not realistic
in practice and do not consider the above challenges [21].

To fill this gap, we propose FedZero, an FL system for hetero-
geneous and geo-distributed environments that utilizes forecasts
for renewable excess energy and spare computing capacity to en-
sure fast, efficient, and fair training under energy and resource
constraints. We summarize our contributions as follows:

e We propose a system design for executing FL trainings ex-
clusively on renewable excess energy and spare computing
capacity which allows clients to share common energy bud-
gets at runtime.

e We introduce a scalable client selection strategy that results
in fast convergence and fair client participation under vari-
able energy and resource constraints.

e We evaluated our approach on different datasets, models,
and scenarios, to show that FedZero enables fast and energy-
efficient training while being robust to forecast errors.

e We implemented FedZero and all baselines using Flower [8]
and Vessim [58] and made this code openly available!.

Thttps://github.com/dos- group/fedzero
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2 A CASE FOR FL ON EXCESS RESOURCES

FL was originally developed for use cases on mobile and edge de-
vices, where individual clients usually consume little energy. How-
ever, in recent years a variety of new application domains have
been explored to enable cross-device and cross-silo training, many
of which include clients with significant computing capabilities
and electricity demand. Examples of these novel FL settings in-
clude healthcare [47], the financial sector [62], remote sensing [49],
autonomous driving [40], and smart cities [25], which all consist
of complex models that require periodic re-training to adapt to
changing environments.

We argue that in environments where individual clients require
significant energy for participating in an FL training, it merits to
explicitly consider the availability of renewable excess energy in
client selection and during training to reduce carbon emissions.

2.1 Renewable Excess Energy

Due to the expanding deployment of variable renewable energy
sources such as solar and wind, it is becoming increasingly chal-
lenging to match power supply and demand at all times. If locally
occurring renewable excess energy cannot be passed on to neigh-
boring grids due to limited grid capacity and cannot be buffered in
some kind of energy storage, the only option left to operators is to
throttle supply. In this section, we describe the two main scenarios
in which renewable excess energy can occur.

The most direct way of operating IT infrastructure in a sustain-
able manner is through the use of on-site renewable energy, where
the energy source is located close to the datacenter or powerful
edge device. Within a microgrid, energy storage can buffer lim-
ited amounts of excess energy but it is expensive, entails losses,
and frequent charge cycles accelerate battery aging [36]. Moreover,
while more and more countries offer the possibility to sell energy
to the public grid, feed-in tariffs are usually well below purchase
prices [46]. Therefore, operators have a clear incentive to consume
all generated electricity directly.

The more common practice to achieve datacenters “powered
by 100 % renewable energy", as claimed by big cloud service provi-
ders [3, 20, 38], is through carbon accounting. Carbon accounting
allows operators to offset their consumption of carbon-intensive
grid energy through the purchase of renewable energy certificates.
However, today’s certificates allow that power production and
consumption can take place at vastly different times and locations,
which is why their utility for achieving science-based targets is
often questioned [9]. A prominent effort towards stricter carbon
accounting, often called 24/7 matching, are Google’s Time-based
Energy Attribute Certificates (T-EACs) [54] that are issued hourly
and location-specific [6]. Similar ideas have been brought forward
by Microsoft [41] and Amazon [27]. During curtailment periods,
these certificates are expected to be very cheap and can be used for
the cost-effective execution of flexible workloads such as FL.

2.2 Computing on Spare Resources

As we do not want to promote the purchase of new hardware just
to enable the flexible scheduling of training jobs, FedZero aims
to schedule workloads exclusively on spare capacity of existing
hardware. We believe this is realistic in a wide range of scenarios


https://github.com/dos-group/fedzero

FedZero: Leveraging Renewable Excess Energy in Federated Learning

as many IT infrastructures are over-dimensioned to accommodate
peak loads. For example, public clouds, as well as emerging public
edge solutions, must maintain a relatively high proportion of spare
computing resources to sell their promise of infinite scalability.
Similarly, on-site infrastructure is often designed for peak loads
and can be severely underutilized outside these periods. A common
measure in cluster managers to increase the utilization during off-
peak hours is by deferring delay-tolerant workloads, for example
in the form of best-effort jobs [55].

Lately, several ideas have been developed to not only shift load
for increased resource utilization but for better aligning electricity
usage with grid carbon-intensity or excess energy [35, 44, 59]. More-
over, even infrastructure that is already utilized close to capacity
can be used to compute flexible workloads, if the use of other-
wise curtailed excess energy justifies the reduced energy efficiency
caused by overclocking and increased cooling [14].

3 PROBLEM STATEMENT

Our goal in this paper is to train a federated learning model with
no operational carbon emissions in an efficient and fair manner.
We aim to optimize for fast convergence and low overall energy
usage in a setting, where clients are only allowed to train on ex-
cess resources. We do so by cherry-picking clients that are likely
to have access to renewable excess energy and spare computing
capacity (or potential for overclocking) and by operating within
these constraints at runtime.

3.1 Challenges

FL on excess resources poses a number of new challenges that have
not yet been addressed by existing approaches.

Convergence speed and efficiency. The availability of excess
resources can be highly variable. Thus, clients that have access to
excess energy and spare computing resources during client selection
can run out of resources over the duration of a training round. This
leads to an increased number of stragglers that can severely harm
training performance. A common way to alleviate the impact of
stragglers in FL is to select more participants in each round than
actually needed, but to only wait for a number of early responses
before aggregating the results and starting a new round. The extent
of over-selection can be adapted to the environment but is usually
around 30 % in the related work [10, 30, 31]. While this makes FL
training more robust, it has the disadvantage of wasting computing
capacity and energy, since the work of some clients is discarded in
each round. Moreover, if multiple clients reside in the same power
domain, over-selection can actively harm training progress as more
clients share the same limited power source at runtime rather than
only attributing power to the most useful clients.

Common power budgets. As clients can share the same source
of excess energy, we need to treat energy as a shared and limited
resource during client selection and at runtime. We use the term
power domain to describe the clustering of FL clients into groups
with access to the same source of renewable excess energy — either
because they are physically connected within a datacenter’s mi-
crogrid, or because their operation is covered through a common
budget of, for example, T-EACs (see Section 2.1). Power domains
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are disjunct, meaning that one client can only be part of a single
power domain. Excess energy occurring within a power domain
must be shared by all clients within the domain. For example, in
this work, we study the behavior of FL training under resource
and energy constraints in two different solar-based scenarios: In
the first scenario, clients are spread across ten globally distributed
power domains (Figure 2a). In the second scenario, power domains
are in close geographic proximity (Figure 2b).
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(a) Distributed power domains. (b) Co-located power domains.

Figure 2: Excess power availability for different scenarios.

Fairness of participation. Simply optimizing for available re-
sources in client selection will lead to a strong imbalance in favor of
clients who have a lot of excess resources available throughout the
training. In realistic settings, where the distribution of data varies
between clients, this can lead to significant biases toward certain
data in the training, which is unfair and ultimately harms model
performance. Hence, even if the availability of excess resources is
highly imbalanced, we want to ensure that all clients are able to
participate in a similar number of rounds.

Robustness and scalability. To target the previous challenges,
we try to spread the client selection over different power domains
using forecasts of available excess energy and spare computing
resources — while still considering system and statistical utility.
However, forecasts usually come with a certain error, which is why
we require a solution that is robust to inaccurate forecasts.

Moreover, we need to ensure that any underlying optimization
comes with a low overhead and runtime complexity, as real-life FL
scenarios can comprise large numbers of clients.

3.2 Problem Formalization

We define C as the set of clients distributed over a disjunct set
of power domains P. Clients are characterized by their energy
efficiency &, and maximum computing capacity m.. For simplicity,
we do not consider other resources like memory in this work, but
they can be integrated the same way as m.. We divide time into
slots of duration ¢, so an estimated training round duration d is
always a multiple of ¢. The duration of t depends on the problem
setting but is usually in the order of one minute. We define the
training of a mini-batch, from now on called batch, as an atomic
operation to be performed within these time slots. Table 1 provides
an overview of all introduced variables and constants.

As common for FL in heterogenous environments [10, 34], we
allow clients to train a variable amount of batches, but require
the configuration of a lower (m*") and upper (m™%*) bound per
client (for example, 1 to 5 local epochs). Furthermore, the server
should define the number of selected clients per round n as well as a
maximum round duration d™* after which results get aggregated,
even if not all clients did respond in time. We allow multiple clients
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Table 1: Overview of constants and variables

System-related constants

& set of clients

P set of power domains

Cp set of clients in power domain p

me maximum capacity of client ¢ (batches/timestep)
O¢ energy efficiency of client ¢ (energy/batch)

User-defined constants

n number of selected clients per round
qmax maximum round duration in multiples of ¢
mpt; mpax minimum/maximum number of batches client ¢

must participate per round

Input variables (updated each round)

mzpf e [0, mc] spare capacity forecast for client c at time ¢
Tpt excess energy forecast for power domain p at
time ¢
o¢ fairness weighting of client ¢
Optimization variables (determined each round)
d expected round duration
b € {0,1} whether or not client c is selected
moF € [0,m™]  expected number of batches client ¢ will compute

at time ¢ considering energy and capacity con-
straints

to share a common excess energy budget by clustering them into
power domains. Cp, describes the clients of a power domain p € P.
Each power domain comprises a control plane, like an ecovisor [51],
which is responsible for attributing power to clients. Section 4.3
describes our client selection algorithm and optimization problem.

3.3 Boundaries

In this work, we do not explicitly consider energy storage or feeding
excess energy to the public grid, since these options are not always
available and have drawbacks compared to consuming excess en-
ergy directly [60]. Moreover, as we target larger-scale infrastructure
that is usually connected to the network via highly energy-efficient
optical fiber, we do not model the energy usage for data transmis-
sion. Lastly, we require the availability of excess resources during
training. Environments where relevant clients never have access
to renewable excess energy or spare computing capacity need to
default to a less radical approach and consider carbon-intensive
grid energy consumption at times.

4 SYSTEM DESIGN

An overview of FedZero’s protocol is depicted in Figure 3. The
training starts after a required amount of clients register themselves
with the server (Section 4.1, (1). At the beginning of each round, the
server requests forecasts on expected excess energy within power
domains and spare capacity at clients (Section 4.2, (2)). FedZero then
selects n clients for training, for which it expects the shortest round
duration under the given resource constraints (Section 4.3, @)
This selection is performed based on the forecasts and information
on past participation or statistical utility of clients for ensuring
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performance and fairness (Section 4.4). Next, the selected clients
train locally on spare capacity and, via continuous exchange with
the power domain controller, excess energy (Section 4.5, (4)). Finally,
all participating clients send their updated model back to the server
which aggregates them and documents the participated batches
and local loss for future decisions ((5)).

4.1 Client Registration

Before starting the training process, FedZero requires the following
information for each client:

(1) The maximum computing capacity of a client is denoted as
me (batches/timestep) and can be derived from its FLOPS
(floating point operations per second), the model’s MACs
(multiply-accumulate operations), and the batch size. Alter-
natively, it can also be benchmarked before or during the
training. For variable capacity datacenters [14], m. should
describe the actual maximum with overclocking.

(2) The energy efficiency is denoted as J. (energy/batch) and
can be obtained through measurements or derived from the
client’s system performance and power consumption charac-
teristics. Linear power modeling is a meaningful simplifica-
tion if we can assume power-proportional clients or sequen-
tial processing of workloads. If not, . can also change from
round to round depending on the system utilization, which
is especially relevant in variable-capacity datacenters [14].

(3) The control plane addresses define a client’s power domain, as
well as where to query load and excess energy forecasts from.
Load forecasts can be provided by the client itself or its clus-
ter manager/container orchestrator. Typical providers for
energy forecasts are electricity providers, microgrid control
systems, or ecovisors [51].

4.2 Forecasting Excess Energy and Load

To avoid picking clients with access to little or no resources during a
round, FedZero relies on multistep-ahead forecasts of excess energy
at power domains and spare capacity at clients.

Power production forecasts for variable renewable energy sources
like solar [11, 28] and wind [2, 32] are usually based on weather
models for mid- and long-term predictions as well as, in case of
solar, satellite data for short-term predictions that enable up to
5-minute resolution. For on-site installations, there exist a large
number of companies providing power production forecasts as a
service. In the case of time-based power purchase agreements, it is
the responsibility of the utility provider to inform their customers
of future energy budgets. For determining future excess energy, the
system furthermore needs to take load forecasts for IT infrastruc-
ture as well as co-located consumers into account. We define ry ¢
to be the forecasted excess energy of power domain p at time ¢.

Load prediction is a widely researched field covering forecasts
related to application metrics, such as requests per second, as well
as the utilization of (virtualized) hardware resources like CPU, GPU,
or RAM. They usually entail time series forecasting models trained
on historical data but can also take additional context information
into account. As m. describes the maximum computing capacity
of a client in batches/timestep, we define mi’ptare € [0, mc] to be its
forecasted spare capacity at time ¢.
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Figure 3: At each training round, FedZero queries excess energy forecasts of power domains and load forecasts of individual
clients. Based on this information, it selects a set of clients for which it expects a short round duration at high statistical utility.
At runtime, clients have to periodically adjust their training performance to align with the actual available excess energy.

4.3 Client Selection

FedZero selects clients based on their forecasted energy and capac-
ity constraints as well as statistical utility.

Iterative search. FedZero optimizes for system utility by se-
lecting clients that are expected to compute their m™" as fast as
possible. We guarantee low computational overhead, by perform-
ing an iterative search over possible round duration d: For each
round duration, we solve a simple mixed-integer program (MIP)
which scales linearly with the number of clients and power domains

Algorithm 1 Determine clients and round duration

1: C « set of clients
2: P « set of power domains
3: # search for shortest possible round duration
4 for d « 1to d™* do
5:  # filter out power domains without excess energy
6 Pe{V¥pePVt=1,.,d:rp; >0}
7:  # filter out clients that over-participated in the past (see Section 4.4)
88 C«—{¥YceC:o,>0}
9:  # filter out clients without sufficient computing capacity or energy
10: forpePdo
11: C—C\{VceCy: thizo min(mif)tare, r{‘;—j) < mminy
12:  #increase duration if there are not at least n valid clients
13 if |C| < n then
14: continue
15:  # select optimal clients
16: b « findOptimalClients(C, P, d)
17: if b is valid solution then
18:

return b, d

19: # wait, if no solution is found for d = d™%*

(see Section 5.5). For simplicity, the iterative search is described
as an incrementing for-loop in Algorithm 1. In practice, it can be
implemented as a binary search with complexity O(logn).

On every iteration, Algorithm 1 heavily pre-filters entire power
domains (Line 6) and individual clients (Lines 11 and 8) that cannot
constitute valid solutions within the current d, to further reduce
the runtime of the MIP. If no valid solution is found within the max-
imum round duration d™%*, the algorithm waits for conditions to
improve or it cloud resolve the situation by weakening constraints,

e.g. by considering grid energy. In this work, we only operate under
hard energy and capacity constraints.

Optimization Problem. For the MIP, we define two discrete
optimization variables per eligible client:
e b, € {0,1} equals 1 iff client ¢ participates in the round
exp

e m.,; €0, mzptare] denotes the expected number of batches

client ¢ will compute at time ¢

The optimization problem is described as follows:

d
S R
b“’mc,t ceC t=0
d
st be=1= mM" <> meF <mM™ veeC (1)
=0
Zm:(tpﬁCSre![ Ve € E,t=0,...,d (2)
ceCe
Z be=n (3
ceC

We optimize for the maximum number of batches to be computed
within the input duration d, weighted by each client’s statistical util-
ity 0. Equation (1) limits each selected client to compute between
m™" and m™9X batches. Equation (2) constrains all clients in a
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power domain to not use more energy than available. Equation (3)
ensures that exactly n clients are selected per round.

Statistical utility. We introduce a utility function f : C — {o :
Ve € C} which is invoked in every round and returns a weighting
that gives precedence to certain clients in the optimization problem.
This function can be based on the previous participation of clients,
an approximation of statistical client utility, or other user-defined
metrics, for example, to respect fairness constraints like group
parity.

The utility function applied in the remainder of this paper is
based on the statistical utility function proposed in Oort [30]:

1 .
. {|BC|\/W Skep, loss(k)2 ifp(e) = 1

1, otherwise

Oort approximates statistical client utility based on the number of
available training samples B. and the local training loss, which is
expected to correlate with the gradient norm.

4.4 Ensuring Fair Participation

When performing FL in heterogenous environments under excess
energy and capacity constraints, we actively have to take care of
avoiding biases towards powerful clients with lots of spare capacity
(mc) or clients within power domains with large amounts of excess
energy (re). This problem is exacerbated by FedZero, which prefers
energy-efficient clients (§.) and — without further measures - tends
to select similar sets of clients in consecutive rounds, which can
harm the model’s generalization performance.

To mitigate the mentioned biases and reduce variance, we add
clients to a blocklist after they participate in a training round.
Blocked clients get assigned o, = 0 and are hence excluded from
future rounds. At the start of each round, clients can get released
from the blocklist with probability P(c):

Ple) = {(p(c) ~0)7% ifp(e)~w >0

1, otherwise

where p(c) describes the number of rounds a client previously par-
ticipated and « is a user-defined parameter that controls the speed
at which clients get released. A high « will cause overparticipating
clients to remain longer on the blocklist, thereby reducing the set
of clients that FedZero can pick from. This can extend training time
but ensures fair participation. An « close to 0 reduces the impact
of the blocklist. We consider « = 1 for the remainder of this paper,
which turned out to provide the best balance between training
speed and performance in all evaluated experiments.

The parameter w avoids decreasing release probabilities over
time and gets periodically updated to w = mean{p(c) : Vc € C}.
Users can choose a different P(c) for their use case, for example, to
improve group fairness or other custom metrics.

4.5 Executing Training Rounds

This section describes the local control loop executed by clients dur-
ing training rounds, see (4) in Figure 3. Using the actually available
resources at runtime, each client tries to compute m™" batches
as fast as possible. Upon completion, it notifies the server but con-

tinues computation until m[*** is reached. The server signals the
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end of a training round and gathers all updated models once all
clients computed m", or once d™** has passed. If a client does
not manage to compute at least m™" batches before d™4%, its work
is discarded to not impede the training progress, as commonly
performed in the literature [10].

Below, we discuss the two main challenges of the local control
loop: First, if multiple clients from the same power domain are
participating in the same round, they have to share a common
energy budget at runtime. Second, the actual available excess energy
and spare capacity are subject to short-term fluctuations and usually
differ from previously performed forecasts.

Sharing power at runtime. If only one client within a power
domain is participating, it can make use of all available excess
energy at runtime. In this case, the capacity available for training is
defined as the minimum of the free capacity and the capacity that
can be powered using excess energy [60].

However, if two or more clients of a power domain participate
simultaneously and there is not enough energy for all of them, they
have to share a common energy budget at runtime, which has to
be coordinated by the power domain controller. To determine each
client’s share of power, we propose a simple two-step approach:
First, power is attributed to clients that have not yet reached their
minimum round participation m™", weighted by how much energy
is still required to reach the threshold. If m¢”™ describes the num-
ber of batches a client has already computed in the active round, this
can be written as: Cp — {min(0, Semmin — 5Cm$0mp) :Ve € Cp}.
Second, if there is still power left, it is attributed to all clients below
their maximum participation mJ***, again weighted by the energy
required to reach this limit: Cp — {min(0, §cmy*** — 5Cm§0mp) :
Ve € Cp}. As clients oblige capacity constraints and may not be able
to make use of their entire share of power, the actual distribution
of power must be decided in constant consultation with clients.

Short-term variations. As FedZero aims to not interfere with
other processes running on a client, the extent of local training
must be adapted over time. For example, to determine excess energy,
clients must periodically query their power domain controller, e.g.
ecovisor [51] and use this information to perform power capping
of tasks or entire containers [18, 33]. Recently, works have been
proposed that do this in a more sophisticated manner than simply
throttling the training process’ access to resources. For example,
DISTREAL [45] handles the time-varying availability of resources
in FL by dynamically adjusting the computational complexity of
the trained neural network. This approach could be extended to
also consider power consumption, which is ultimately composed of
the utilization of computing resources. However, runtime behavior
in the presence of short-term resource and energy fluctuations is
currently not considered in our prototype.

5 EVALUATION

We implemented FedZero and all baselines using the FL framework
Flower [8] and the energy system simulator Vessim [58]. We ex-
tended Flower to enable discrete-event simulation over time series
datasets like excess energy availability and client load. It enables
us to perform experiments faster than in real-time by, for example,
skipping over time windows where the system is idle and waiting
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for excess energy or spare capacity on clients. We use Gurobi?
to solve the MIP. Our implementation and all datasets are openly
available (see Section 1).

5.1 Experimental Setup

To evaluate FedZero, we simulate the power usage characteristics
and performance of 100 FL clients using our Flower extension and
perform the training on four NVIDIA V100 and two RTX 5000 GPUs.
This allows us to evaluate our approach without training models
over multiple weeks and consuming megawatt hours of energy.

Table 2: Max energy consumption and training performance
of the three types of clients.

client max performance (samples per minute)

type  energy DenseNet-121 EfficientNet-B1 LSTM KWT-1

small 70W 110 118 276 87

mid 300 W 384 411 956 303

large 700 W 742 795 1856 586
Clients. We model heterogeneity among clients by randomly

assigning them to one of three types (small, medium, large) that
are roughly based on the performance® and energy usage charac-
teristics of T4, V100, and A100 GPUs, respectively. However, we
downscaled their actual compute capabilities (samples per minute),
as shown in Table 2. We use 100 randomly selected machines from
the Alibaba GPU cluster trace dataset [57] to model client load
(gpu_wrk_util) and load forecasts (gpu_plan).

Scenarios. For modeling power domains, we focus on on-site so-
lar energy generation in two scenarios based on real solar and solar
forecast data provided by Solcast*: A global scenario (ten globally
distributed cities from June 8-15, 2022) and a co-located scenario (ten
largest cities in Germany from July 15-22, 2022), both displayed in
Figure 2. The solar data is available in 5-minute resolution and we
assume a constant power supply for steps within this period. Clients
are randomly distributed over the ten power domains, which each
have a maximum output of 800 W. If there is little sun, or multiple
clients are selected within a domain, energy becomes a limiting
resource. The power and client availability is depicted in Figure 4.
The upper plot shows the energy availability within energy do-
mains, where each domain is represented by one line. The lower
plot depicts the availability of clients over time, color-coded by how
much of their total computational capacity is available for training.

Datasets, models, parameters. We evaluate our approach on
four datasets and models commonly used in FL evaluations.

e CIFAR-100 [29] contains 60,000 32x32 color images across
100 classes. We model heterogeneous data by applying a
Dirichlet distribution with & = 0.5, similar to [22], which
skews the number of samples as well as the number of sam-
ples per class and client. We train® the convolutional model
DenseNet-121 [23] using FedProx [34] with p = 0.1.

https://www.gurobi.com
3https://developer.nvidia.com/deep-learning- performance- training-inference
“https://solcast.com

SDG optimizer , learning rate = 0.001, weight decay = 5e-4, momentum = 0.8
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Figure 4: Power production and client availability over the
course of both scenarios. While there are always some clients
available in the global scenario, in the co-located scenario
clients are always available around the same time.

o Tiny ImageNet contains 100,000 64x64 color images of 200
classes. We distribute samples to clients using the same
Dirichlet distribution as for CIFAR-100. We train® an Ef-
ficientNet-B1 [53] model using FedProx with y = 0.1.

In the Sheakespare [12] dataset, each client represents one of
100 randomly selected speaking roles from a play. As in [34],
we train a two-layer LSTM’ using FedProx with y = 0.001
to perform next character prediction.

Google Speech Commands contains more than 100,000 audio
samples of 30 different words. We randomly assigned speak-
ers to the 100 clients and train® the keyword transformer
model KWT-1 [7] for speech classification.

The number of samples computed per timestep was obtained
through benchmarking runs and is stated in Table 2. All simulations
use a timestep ¢ = 1 min and a max round duration d™#* = 60 min.
We select n = 10 clients each round which have to compute 1 to 5
local epochs, so m™" and m™4* depend on the locally available
number of samples. Clients locally train on minibatches of size
10. We ran each experiment five times over the course of seven
simulated days and report mean values.

Baselines. We compare FedZero with existing approaches by
training six different baselines. First, we run all experiments using
Random client selection as well as the guided selection strategy
Oort [30]. We update each client’s system utility, an important factor
in Oort’s scheduling, based on the available energy and capacity in
every round. Both approaches can only select from clients, which
currently have access to excess energy and spare resources.

Second, we train the above baselines again but this time allow
them to select 1.3n clients per round. Over-selection is commonly
employed in the related work [10, 30] to counteract inefficiencies
caused by stragglers in unreliable environments. Once n clients
have returned their results a new round starts. The baselines are
called Random 1.3n and Oort 1.3n.

Third, we want to demonstrate that access to forecasts alone is
not the decisive advantage over existing approaches. For this, we
train two baselines Random fc and Oort fc that only select 10 clients,

® Adam optimizer, learning rate = 0.001
7100 hidden units, 8D embedding layer, SDG optimizer, learning rate = 0.8, see [34]
8 AdamW optimizer, learning rate = 0.001, weight decay = 0.1, see [7]


https://www.gurobi.com
https://developer.nvidia.com/deep-learning-performance-training-inference
https://solcast.com
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Table 3: Best accuracy and time/energy to reach the target accuracy of FedZero and the best-performing baselines.

Global scenario

Co-located scenario

Dataset & model Approach Target Best Time-to- Energy-to- Target Best Time-to- Energy-to-

accuracy accuracy accuracy accuracy accuracy accuracy accuracy accuracy

Random 1.3K 66.0 % 4.7d 79.2 kWh 66.6 % 53d  113.4kWh

CIFAR-100 Oort 1.3K 66.4 % 45d 103.8 kWh 66.4 % 54d 138.7 kWh

DenseNet-121 Oort fc 64.7 % 65.8 % 53d  102.4kWh 65.5 % 66.1 % 64d  126.7kWh

FedZero 66.8 % 3.6d  70.6 kWh 66.5 % 45d  96.4kWh

Random 1.3K 63.1% 56d 109.6 kWh 633 % 3.7d 86.0 kWh

Tiny ImageNet Oort 1.3K 63.2 % 3.3d 90.2 kWh 63.5 % 34d 90.5 kWh
EfficientNet-B1 Oort fc 624 % 63.1% 3.9d 89.0 kWh 62.8 % 62.7 % - -

FedZero 63.6 % 29d  67.1kWh 63.6 % 34d  75.8kWh

Random 1.3K 50.7 % 46d 97.9 kWh 515 % 45d 90.0 kWh

Shakespeare Oort 1.3K 50.2 % - - 51.7 % 45d 95.4 kWh
LSTM Oort fc 50.4 % 50.5 % 67d  157.4kWh 50.9 % 50.5 % - -

FedZero 53.1% 1.8d  40.0 kWh 53.1% 23d  42.8kWh

Random 1.3K 85.2 % 48d  103.5kWh 85.1 % 43d 80.8 kWh

Google Speech Oort 1.3K 86.9 % 3.6d 99.0 kWh 86.4 % 3.4d 85.0 kWh

KWT-1 Oort fc 83.6 % 87.0 % 3.7d 86.2 kWh 82.8 % 84.9 % 3.7d 76.6 kWh

FedZero 87.2 % 36d  79.0 kWh 87.7 % 26d  658kWh

but have access to load and energy forecasts for filtering out clients
that are not expected to reach their m™™" within d"¥.

Lastly, for each experiment, we define an Upper bound in con-
vergence speed and performance, by training a model that uses
random client selection but is not subject to any energy constraints
or existing load on clients (clients are still heterogeneous). This
baseline is not limited to renewable excess energy.

5.2 Performance Overview

Training performance. Figure 5 displays the training progress
of FedZero and the baselines over the different experiments. We
can observe that FedZero consistently outperforms all baselines
in terms of top accuracy. While in some cases the performance of
Oort/Oort 1.3n/Oort fc is comparable (see Appendix A for details),
the gap is considerable in scenarios with heavy sample imbalance
like Shakespeare (2365 + 4674 samples per client; min = 730; max =
27950). This is due to the fact that none of the baselines considers
common power budgets during client selection. We found that this
problem is exacerbated for strategies that select clients based on
statistical utility, such as Oort: If a power domain does not have
access to excess energy for an extended period of time, the statistical
utility of its clients is usually high as they have not participated for
many rounds. Once excess energy is available, Oort heavily targets
these clients which leads to increased competition for energy at
runtime and, therefore, slower training progress.

For all datasets but CIFAR-100, FedZero reaches, or almost reaches,
the top accuracy of the Upper bound, suggesting that varying re-
source availability does not necessarily harm training performance,
but only increases the total training time.

Time-to-accuracy and energy-to-accuracy. To further demon-
strate how FedZero improves FL under energy and capacity con-
straints, we define the top accuracy of the Random baseline as our

target accuracy for a specific experiment. Table 3 reports the time
and energy required for FedZero and the baselines to reach this tar-
get accuracy. The table only contains the best-performing baselines;
a full table with all results can be found in Appendix A.
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Figure 5: Training progress of all experiments.
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FedZero has the lowest time-to-accuracy and energy-to-accuracy
across all experiments. On average, it reached the target accuracy
around 35 % faster in the global scenario and around 26 % faster
in the co-located scenario than Random 1.3n and Oort 1.3n, which
were among the fastest and most energy-efficient baselines. At the
same time, FedZero was using 36 % less energy on average in the
global scenario and 30 % less in the co-located scenario. Oort-based
baselines generally outperform the Random-based ones in terms
of top accuracy and convergence speed but at the cost of higher
energy usage. However, some Oort-based baselines do not reach the
target accuracy at all, due to the previously described inefficiencies
caused by selecting clients from the same power domain.

Round durations. As FedZero knows about the system utility
and resource availability, it avoids combining clients with vastly dif-
ferent expected round durations. For example, in the global scenario
on CIFAR-100 it required 15.1+8.5 min per round. For comparison,
the Random baseline had an average round duration of 33.7+19.6
min, which was lowered to 22.7+17.7 min and 27.8+17.3 min by
Random 1.3n and Random fc, respectively. The round duration of
Oort-based baselines was 18.6+14.5 min on average.

The same applies to the co-located scenario, where all clients are
available around the same time. Here, Random-based baselines take
15.5+12.7 min and Oort-based baselines 12.0+13.0 min on average.
FedZero only requires 9.7+7.6 min, allowing it to perform consider-
ably more training rounds within the same time. This observation
is consistent across all experiments.

5.3 Fairness of Participation

When training under energy and capacity constraints, we inevitably
introduce biases towards clients that have lots of excess resources
available. To illustrate this, Figure 6a displays the average percent-
age of rounds in which clients have participated in the training for
the CIFAR-100 global scenario, grouped by power domain. As we
select 10 out of 100 clients per round, we ideally expect an average
client participation of 10 %. However, some power domains have
access to more excess energy than others, resulting in the Random
and Oort strategies to favor clients in these domains. We can ob-
serve that FedZero exhibits a much more balanced participation
within (marked by the error bar) as well as between power domains
(std as stated on each figure).

We conducted an additional set of experiments on the same
scenario, where the Berlin power domain has access to unlimited
excess energy and all clients within Berlin have unlimited comput-
ing resources available. The results of this experiment are displayed
in Figure 6b, where Berlin is colored in red. As clients in this power
domain are now always available for training, the Random baseline
almost doubles their participation from 11.0+-2.1 to 19.8+-2.6 %.

Table 4: CIFAR-100 performance on the global scenario under
imbalanced conditions (Berlin has unlimited resources).

Best accuracy Time-to-acc. Energy-to-acc.

Random 64.6 % 6.7d 95.7 kWh
Oort 65.6 % 45d 189.4 kWh
FedZero 66.9 % 35d 83.4 kWh
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Figure 6: FedZero ensures fair participation of clients, even
under highly imbalanced conditions.

Even worse, Oort, which actively targets clients with high system
utility, more than triples the participation of Berlin clients from
12.0£2.9 to 37.9+1.3 %. Oort describes a mechanism for combining
its selection with a user-defined fairness metric. However, we found
that Oort must rely almost entirely on our fairness metric, hence,
disregard system and statistical utility, when attempting to achieve
fairness comparable to FedZero. Other than all baselines, which
introduce significant biases, FedZero only slightly leverages the
additional resources by increasing the mean participation of clients
in the domain from 10.2+0.3 to 11.3+0.3 %.

Table 4 displays the training performance of the three approaches
in the scenario where Berlin has unlimited resources. We observe
that Random used 19 % more energy and Oort even twice the energy
in the imbalanced scenario (Figure 6b) for reaching a comparable
accuracy as in the base scenario (Figure 6a). FedZero used only 4 %
more energy and reduced its time-to-accuracy.

Based on our results on fairness of participation, we expect
FedZero to also improve other fairness metrics such as accuracy
parity between clients. However, these metrics depend on vari-
ous additional factors like non-iid data distribution among power
domains, which is why we leave this analysis to future work.

5.4 Robustness Against Forecasting Errors

To investigate the impact of forecast quality on FedZero’s perfor-
mance, we performed further experiments based on the global sce-
nario on the Tiny ImageNet and Google Speech datasets. Figure 7
shows the training progress and distribution of round durations
for Tiny ImageNet. FedZero w/ error uses forecasts with realistic
errors as in all previous experiments, FedZero w/o error uses perfect
forecasts, and FedZero w/ error (no load) uses realistic errors for
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Figure 7: Analysis of convergence behavior and round dura-
tions of FedZero under forecasts of different quality.

excess energy but has no forecasts for spare capacity available, as
short term load might not always be predictable in every setting.
Note, that FedZero is not able to operate if there are no predictions
of excess energy at all, for example, due to communication loss.

The three experiments based on FedZero show small differences
in convergence speed and energy usage. While FedZero w/ error
takes 2.8 d and 65.2 kWh to reach the target accuracy, using perfect
forecasts it requires 15.4 % less time and 15.2 % less energy. This
is because FedZero becomes better at avoiding stragglers through
the use of accurate predictions, resulting in shorter, hence, more
efficient rounds, as shown in the right of Fig 7. FedZero without
load forecasts takes 8.2 % more time to reach the target accuracy,
using 10.0 % more energy. This result is of course specific to how
we modeled load in our evaluation — the effect in other contexts
may be bigger or smaller. Still, we can see that all three experiments
converge to the same accuracy of 63.8%, while consistently exhibit-
ing better time-to-accuracy and energy-to-accuracy, showing that
FedZero can perform well even with suboptimal forecast quality.

We additionally performed this analysis on the Google Speech ex-
periment and got comparable results. For example, FedZero without
errors converged 5.2 % faster using 6.7 % less energy than FedZero
with realistic forecasts.

5.5 Overhead and Scalability

We analyze the overhead of FedZero’s client selection by profiling
the runtime of Algorithm 1, including the MIP, on an Apple M1 pro-
cessor. Each experiment was repeated 5 times and we report mean
values. Figure 8a shows the linear growth of runtime in regards to
the number of clients: Even at the biggest evaluated setting, 100k
clients distributed over 100k power domains searching over 1440
timesteps (24 hours in 1-minute resolution), the algorithm returns
within two minutes. For scenarios in the scale of the previous eval-
uation (100 clients, 10 power domains, 60 timesteps) it only takes
around 0.1 seconds to decide on a set of clients. We observe that
due to the O(logn) runtime of the binary search, increasing the
timestep search space from 60 to 1440 (factor 24) only increases
the runtime by factor 1.8. Figure 8b shows the runtime of a single
MIP for different numbers of clients and power domains (note, that
the y-axis is linear in this figure). We observe, that the number of
power domains has little to no impact on the runtime for up to
10k domains. Increasing the number of power domains from 10k to
100k only increases the runtime from 15.4 to 20.1 seconds.

Wiesner et al.
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Figure 8: FedZero overhead analysis.

In terms of communication overhead, FedZero requires excess
energy and load forecasts at the beginning of each round. Further-
more, clients periodically (in our evaluation minutely) sync with
their power domain to align their performance with the actual
available excess energy at training time. As both payloads are in
the order of kilobytes and we are assuming clients are connected
via fiber, this overhead is negligible.

6 RELATED WORK

Carbon-aware computing. As carbon pricing mechanisms, such
as emission trading systems or carbon taxes, are starting to be
implemented around the globe [5], the IT industry is pushing to
increase the usage of low-carbon energy in datacenters. Carbon-
aware computing tries to reduce the emissions associated with
computing by shifting flexible workloads towards times [19, 44,
59] and locations [66, 67] with clean energy. For example, Google
defers delay-tolerant workloads when power is associated with
high carbon intensity as a measure to reach their 24/7 carbon-free
target by 2030 [44].

While most research in carbon-aware computing aims at con-
suming cleaner energy from the public grid [35, 44, 59, 67], recent
works also try to better exploit excess energy, similar to FedZero.
Cucumber [60] is an admission control policy that accepts low-
priority workloads on underutilized infrastructure, only if they
can be computed using excess energy. Similarly, Zheng et al. [66]
explore workload migration on underutilized data centers as a mea-
sure to reduce curtailment. The Zero-Carbon Cloud [15] already
targets the problem of curtailment at the level of infrastructure plan-
ning, by placing data centers close to renewable energy sources.

Carbon footprint of ML. The training of large ML models is
a highly relevant domain for carbon-awareness, due to the often
excessive energy requirements on the one hand, and certain flex-
ibility in scheduling on the other. Other than inference, which is
usually expected to happen at low latency, ML training jobs can
often be stopped and resumed, scaled up or down, or even migrated
between locations. Because of this, many papers have previously
addressed the carbon emissions of centralized ML [16, 17, 42, 52].
Qiu et al. [43] were the first to broadly study the energy con-
sumption and carbon footprint of FL and state that, "depending
on the configuration, FL can emit up to two orders of magnitude
more carbon than centralized machine learning" Further studies
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investigate the carbon impact of hyperparameters such as con-
currency rate [64] or the cost of differential privacy [48]. Carbon
awareness in the context of FL has so far only been explored by
Giiler and Yener [21] who define a model for intermittent energy
arrivals and propose a scheduler with provable convergence guar-
antees. However, their assumptions regarding energy arrivals are
highly simplified as they neither consider spare capacity on clients
nor non-iid data distributions. Moreover, other than FedZero, their
model does not allow multiple clients to share the same power
domain.

FL client selection. Active (or guided) client selection in FL
has received significant attention in recent years, as researchers
try to improve the final accuracy, convergence speed, reliability,
fairness, or reduce communication overhead compared to random
client selection [50]. For example, Oort [30] exploits heterogeneous
device capabilities and data characteristics by cherry-picking clients
with high statistical model efficiency as well as high system utility,
resulting in faster convergence and better final accuracy. Similarly,
other novel approaches like FedMarl [65] or Power-of-Choice [24]
utilize the local training loss of clients to bias the selection. FedZero
does not try to compete with but can be adapted to integrate with
other client selection strategies.

Few energy-aware client selection strategies exist, like EAFL [4],
that extend Oort’s utility function to additionally consider the bat-
tery level of clients. However, like most research addressing en-
ergy usage in FL [56, 63], it aims to increase the operating time
of battery-constrained end devices and is not concerned with the
overall emissions associated with the training. FedZero describes
the first approach for FL training solely on excess energy and spare
computing capacity.

7 CONCLUSION

This paper proposes FedZero, a system design for fast, efficient,
and fair training of FL models using only renewable excess energy
and spare computing capacity. Our results show, that FedZero’s
client selection strategy converges significantly faster than all base-
lines under the mentioned resource constraints while ensuring fair
participation of clients, even under highly imbalanced conditions.
Moreover, our approach is robust against forecasting errors and
scalable to large-scale, globally distributed scenarios.

In future work, we want to investigate the impact of periodic
patterns in excess energy availability on training performance [68].
Furthermore, we plan to integrate FedZero with novel asynchro-
nous [26] or semi-synchronous [1] strategies, while explicitly taking
energy storage and grid carbon intensity into account.
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A TABLE WITH ALL RESULTS

Note, that the Upper Bound baseline is not constrained by capacity
or energy availability and therefore also uses grid energy.

Global scenario Co-located scenario

Dataset & model Approach Target Best Time-to- Energy-to- Target Best Time-to- Energy-to-

accuracy —accuracy —accuracy — accuracy accuracy accuracy —accuracy — accuracy

Upper bound 68.3 % 1.6d 91.1 kWh 68.3 % 2.0d 117.5 kWh

Random 64.7 % 6.7d 80.6 kWh 65.5 % 6.7d 101.0 kWh

Random 1.3n 66.0 % 4.7d 79.2 kWh 66.6 % 53d 113.4 kWh

CIFAR-100 Random fc 65.4 % 6.4d 89.8 kWh 65.7 % 6.5d 97.8 kWh

DenseNet-121 Oort 647%  659% 47d  96.1kWh 635% 6599 65d  130.9kWh

Oort 1.3n 66.4 % 45d 103.8 kWh 66.4 % 5.4d 138.7 kWh

Oort fc 65.8 % 53d 102.4 kWh 66.1 % 6.4d 126.7 kWh

FedZero 66.8 % 36d 70.4 kWh 66.5 % 45d 96.4 kWh

Upper bound 64.1 % 1.4d 81.3 kWh 64.1 % 1.8d 105.7 kWh

Random 62.4 % 6.7d 99.8 kWh 62.8 % 5.7d 92.0 kWh

Random 1.3n 63.1 % 5.6d 109.6 kWh 63.3 % 3.7d 86.0 kWh

Tiny ImageNet Random fc 63.0 % 5.6d 96.4 kWh 63.1% 6.5d 102.1 kWh
EfficientNet-B1 Oort 624% 6339 38d  88.1kWh 628%  6279% - -

Oort 1.3n 63.2 % 3.3d 90.2 kWh 63.5 % 3.7d 112.4 kWh
Oort fc 63.1 % 39d 89.0 kWh 59.7 % - =

FedZero 63.7 % 2.8d 64.8 kWh 63.8 % 34d 76.6 kWh

Upper bound 533 % 1.4d 82.5 kWh 533 % 1.8d 104.2 kWh

Random 50.4 % 6.7d 131.5 kWh 50.9 % 5.7d 93.2 kWh

Random 1.3n 50.7 % 4.6d 97.9 kWh 515 % 45d 90.0 kWh

Shakespeare Random fc 52.0 % 2.8d 57.3 kWh 52.1% 3.7d 59.2 kWh
LSTM Oort 204% 5029 - - 09%  507% - -

Oort 1.3n 50.4 % - = 51.7 % 45d 95.4 kWh
Oort fc 50.5 % 6.7d 157.4 kWh 50.6 % - =

FedZero 53.1% 1.8d 40.0 kWh 53.1% 2.3d 42.8 kWh

Upper bound 87.9 % 2.7d 105.6 kWh 87.9 % 2.3d 91.0 kWh

Random 83.6 % 7.0d 102.4 kWh 82.8 % 6.7d 84.2 kWh

Random 1.3n 85.2 % 5.5d 103.5 kWh 85.1% 43d 80.8 kWh

Google Speech Random fc 85.0 % 5.7d 95.6 kWh 83.0 % 6.7d 83.8 kWh

KWT-1 Oort 83.6%  86.1% 45d  99.0 kWh 828%  862% 37d  78.2kWh

Oort 1.3n 86.8 % 3.9d 103.5 kWh 86.4 % 3.4d 85.0 kWh

Oort fc 87.0 % 3.8d 86.2 kWh 85.6 % 3.7d 78.1 kWh

FedZero 87.3% 3.6d 77.4 kWh 87.5% 2.6d 65.6 kWh
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