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Abstract. This paper demonstrates the concept of reusing discarded smartphones to connect
the end-of-life of e-wastes with the start-of-life of smart buildings. Two control-related and
one communication-related case studies have been conducted experimentally to evaluate the
applicability. Diverse controlled systems, control tasks, and algorithms have been considered.
In addition, the sufficiency of communication with external agents has been quantified. The
proof-of-concept experiments indicate the technical feasibility and applicability to typical tasks
with satisfactory performance. As the capabilities of smartphones improve over time, higher
computing performance and lower communication latency can be expected, which enhances the
prospect of the proposed reuse concept.

1. Introduction

The circularity within the building sector can be enhanced by examining the e-wastes that are
largely neglected so far. On the one hand, ongoing digitization in the energy sector intensifies the
demand for computing power, i.e., programmable logical controllers (PLCs) [1] are commonly
used for automation in buildings. On the other hand, many smartphones are mainly disposed of
to extract valuable metals [2]. This paper contributes to bridging this gap by investigating the
reuse of discarded smartphones to connect the end-of-use of smartphones with the start-of-life
of smart buildings.

Currently, many smartphones turn into e-wastes when they are outdated or have
battery/screen malfunction [2]. However, their central processing units (CPU) and random-
access memory (RAM) may remain intact. Therefore, they are potential neglected resources to
perform building energy management tasks. Once connected to the internet and power sources,
they can help to avoid manufacturing new micro-controllers and to reduce the overall carbon
footprint. Although the reuse of outdated desktops has been investigated in lab facilities [3],
the reuse of smartphones for building energy management systems has not been systematically
investigated in experiments. Key concerns include the timely execution of control algorithms and
effective communication with external devices. While the former impacts occupants’ comfort at
the building level, the latter impacts agent-based coordination among buildings [4] and attainable
ancillary service options [5].

To systematically assess the technical feasibility of such a concept, several proof-of-concept
experiments are provided in this paper, considering diverse controlled systems, control tasks,
and control algorithms with different levels of computation and communication loads.

2. Methodology
Two control algorithms are considered to reflect the complexity of control-related case studies,
namely model-based predictive control and data-driven predictive control. They differ in terms
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of communication and computational loads. Both control strategies are key to enable optimal
building-level operation and district-level coordinated building energy management. The rest of
the section provides a brief summary.

The main principle of model predictive control (MPC) is recursively solving an optimal control
problem (OCP) over a horizon considering the future response of the system. While the context-
specific constraints and cost functions are elaborated in section 3, a generic formulation is given
as follows:

N-1
e 2 2
minimize kzo (HYk —repkllg + HukHQ’)

subject to xg11 = Axg + Bug, Vk € {0,...,N — 1},
vr = Cxp + Duy, Vk € {0,...,N — 1},
X = X¢, (1)
u, €U, Vk € {0,...,N — 1},
yr €Y, Vke{0,...,N — 1},

where N is the time horizon, u, x, y are the vectors of decision variables, r is the reference for
tracking, t is the time stamp, Q and Q' denote the weighting matrices for input and output costs,
U and Y are the input and output constraint sets, and X; is the estimated state at time t. By
varying Q and Q’, Equation 1 can be customized to represent constrained energy planning and
reference tracking tasks. In addition, to mitigate potential numerical instability when estimating
%, a Kalman filter with Joseph formulation [6] is used, which is given as follows:

Pt =(I-KH)P (I-KH)"+KRKT, (2)

where I is the identity matrix, K is the gain, H is the measurement mapping matrix, R is the
measurement noise covariance matrix, and P~, P are the prior and post measurement update
estimation error covariance matrices, respectively.

Regarding data-driven control, signal matrix model predictive control (SMM-PC) [7] is
considered. In brief, it maximizes the conditional probability of observing the predicted output
trajectory and the measured past outputs to improve the combination of offline trajectories.
Therefore, it differs from the previously mentioned MPC in terms of real-time data extraction,
the need for state estimation and the OCP.

3. Case studies

To systematically evaluate the applicability of the reuse concept in practice, diverse controlled
systems, control tasks, and algorithms were considered in the experiments. This section includes
a description of the general experimental setup that supports the case studies, followed by a
detailed explanation of each case.

3.1. General experimental setup

The overall setup is illustrated in Figure 1. The open-source package Termuzx [8] was used to
enable smartphones to function as a Linux machine and host Python installation. Secure shell
protocol (SSH) was used for remote/headless access to facilitate reusing discarded smartphones
with cracked screens. The communication among devices was enabled by message queuing
telemetry transport (MQTT) [9] in the communication latency assessment case study. Real-
time information exchange in the control-related case studies was facilitated with the REST
API and an OPC server.
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Figure 1. Software and information exchange setup for the experiments. The images of
experimental facilities are sourced from [10].

3.2. Applicability to control tasks

To reflect the heterogeneous controlled systems in the built environment, both space heating and
stationary electric battery were included. Specifically, optimal space heating power scheduling
was considered and the reference tracking task was examined for the stationary electric battery,
e.g., necessary concerning ancillary service provision [5]. Both the classical MPC and data-driven
control SMM-PC presented in the previous section were assessed. This diverse setup is further
illustrated in Figure 2.
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Figure 2. Control-related case studies composed of diverse controlled systems, control tasks
and algorithms.

More concretely, Case I concerns minimizing the heating energy consumption of a bedroom
of a three-room apartment while respecting user-defined temperature limits. The input and
output constraint sets of the OCP include heating power capacity and room temperature limits.
The control decisions concerned heating power, which was dissipated through a ceiling heating
system. The thermostat in the room was remotely controlled by manipulating the setpoints,
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which influenced the valve opening/closing to regulate the heating flow indirectly. Continuous
control decisions were translated into sequences of binary valve positions using a pulse-width
modulation (PWM) strategy. In Case 2, a Lithium-ion electric battery was controlled to track
an artificial sinusoidal reference signal with its state-of-charge (SOC). The input was constrained
by charging and discharging power limits. In both cases, the sampling time was 15 minutes.

3.8. Applicability to communication tasks

The latency in information exchange was compared to two alternatives, namely a laptop (HP
Compaq Pro 6300 MT) and a Raspberry Pi (4th Gen Model B). Specifically, the round-trip
delay of the communication was used as the key performance indicator. That is the combined
duration of message transmission and acknowledgement with the network configuration depicted
in Figure 3. For example, different devices (i.e., a smartphone, a laptop and a Raspberry Pi)
sent a message to the laptop within the network of Empa (152.88.x.x), which acknowledged the
receipt of the message. Each device quantified the time interval to receive the acknowledgement.
In all cases, only the smartphone was connected to Wi-Fi, reducing communication performance.

Wifi Send
-— —a Path 1 request
Empa backbone Router ; * h
Mobile N
152.88.x.x 198.162.1.1 I AN
Ethernet Ethernet Round-trip | R} Send
—-1
Oo— —a B—a Path 2 delay | , 4 response
| s

Laptop ﬁ?g; Laptop i ' 7

Receive
Ethernet
Path 3 request
Raspberry Pi

Figure 3. Setup of case studies for communication delay identification. The figure on the left
shows the network configuration of three information exchange paths. The figure on the right
illustrates the calculation of round-trip delays.

4. Results

The experiments utilized the NEST building located at the Empa campus in Diibendorf [11],
discarded smartphones, a private network and the network of Empa. Two smartphones were
used in the experiments with key specifications summarized in Table 1.

Table 1. List of mobile devices used in the experiments.
ID CPU RAM WLAN Platform Release year

1 Octa-core (Kirin 970) 6GB  Wi-Fi 802.11 Android 2018
2 Octa-core (Exynos 7904) 4GB  Wi-Fi 802.11 Android 2019
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4.1. Applicability to control tasks

Python 3.8 was used together with Mosek [12] as the solver. The results of control-related case
studies are summarized in Figure 4. In Case 1, it can be observed that the temperature was
controlled within the predefined comfort zone most of the time. The shaded areas indicate
periods of window opening, which led to substantial temperature drops. These occupants-
induced constraint violations were beyond the capability of the heating system and the controller.
Therefore, these instances do not suggest inapplicability. In Case 2, the mean tracking error
and the root-mean-square-error were —0.02 % and 0.09 %, respectively. The tracking errors can
be attributed to the controller and the actuation precision. Both experiments show satisfactory
results and confirm the applicability to control tasks.
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Figure 4. Experiment results of control-related case studies. The figure on the left shows
room temperature control results, where the black dashed lines indicate the comfort limits and
the blue line shows the realized temperature trajectory. The figure on the right shows battery
reference tracking control results, where the black dashed line shows the reference signal and
the blue line shows the measured SOC.

4.2. Applicability to communication tasks

The communication delays of all three paths depicted in Figure 3 are quantified and compared
in Figure 5. It can be observed that Path 1 exhibits the highest delays due to its internet
connection using Wi-Fi. Nonetheless, the delays mostly fall within 1 second. Due to the large
inertia of buildings, typical control time interval ranges from 30 minutes to hours. Therefore,
communication delays within 1 second are considered acceptable for building-level energy
management. However, such latency may be too large for tracking high-frequency signals when
providing ancillary services to the power system. Potential solution includes adding peripherals
to enable Ethernet connection for reduced latency and improved stability at the expense of
increased cost and carbon footprint.

5. Conclusion

This paper experimentally evaluates the applicability of reusing discarded smartphones to
typical control and communication tasks in buildings. Various controlled systems, control
tasks, and algorithms have been considered. The results verify technical feasibility and reveal
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Figure 5. Boxplots of round-trip delays with various hardware and connection interfaces.

descent performance. As the capabilities of smartphones continue to improve over time, better-
performing reusable resources can be expected. The proposed reuse adds to the existing portfolio
of circularity concepts and sheds light on enhancing sustainability in the built environment.

Several limitations must be noted. First, the security of the chain of open-source tools has
not been verified. This is crucial in future studies as the security of the system, which the
distributed devices are integrated into, can be significantly affected. Second, the long-term
stability, which industrial PLCs excel at, needs to be further examined. The next step includes
achieving scalability through software standardization and investigating a simpler chain of tools
to ensure stability, security, and efficiency. Additional life-cycle analysis can be performed in
the future to quantify the impacts on sustainability.

References

[1] Beckhoff Automation, “Industrial PCs for all control requirements .” https://www.beckhoff.com/en-en/
products/ipc/pes/, 2023. accessed: 2023-04-17.

[2] V. Rizos, J. Bryhn, M. Alessi, A. Campmas, and A. Zarra, “Identifying the impact of the circular economy
on the fast-moving consumer goods industry opportunities and challenges for businesses, workers and
consumers—mobile phones as an example study,” 2019.

[3] Technical University of Denmark, “Energy System Integration Lab - SYSLAB.” https://www.powerlab.dk/
facilities/syslab, 2023. accessed: 2023-04-17.

[4] H. Cai, S. You, and J. Wu, “Agent-based distributed demand response in district heating systems,” Applied
Energy, vol. 262, p. 114403, 2020.

[5] Swissgrid, “Prequalification.” https://www.swissgrid.ch/en/home/customers/topics/ancillary-
services/prequalification.html, 2023. accessed: 2023-04-17.

[6] R.S. Bucy and P. D. Joseph, Filtering for stochastic processes with applications to guidance, vol. 326. AMS
Chelsea Publishing, 2005.

[7] M. Yin, A. Iannelli, and R. S. Smith, “Maximum likelihood estimation in data-driven modeling and control,”
IEEE Transactions on Automatic Control, 2021.

[8] Termux team, “Termux application.” https://github.com/termux/termux-app.git, 2022. accessed: 2023-
04-17.

[9] R. A. Light, “Mosquitto: server and client implementation of the mqtt protocol,” Journal of Open Source
Software, vol. 2, no. 13, p. 265, 2017.

[10] Empa, “Nest database.” https://visualizer.nestcollaboration.ch. accessed: 19.10.2020.

[11] P. Richner, P. Heer, R. Largo, E. Marchesi, and M. Zimmermann, “Nest—una plataforma para acelerar la
innovacion en edificios,” Informes de la Construccidn, vol. 69, no. 548, p. 222, 2018.

[12] MOSEK ApS, MOSEK FAQ Release 10.0.40, 2023.


https://www.beckhoff.com/en-en/products/ipc/pcs/
https://www.beckhoff.com/en-en/products/ipc/pcs/
https://www.powerlab.dk/facilities/syslab
https://www.powerlab.dk/facilities/syslab
https://www.swissgrid.ch/en/home/customers/topics/ancillary-
services/prequalification.html
https://github.com/termux/termux-app.git

